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SUMMARY

The work described in this report is conducted to quantify and obtain a
physical understanding of the noise reduction mechanisms in supersonic
inverted-velocity-profile coannular jets, with emphasis on the shock

mcemmiatad matoen wadia~trian

AO5HULIAdLCU TITUITOC T TuuLiL iuvll.

The noise characteristics of coannular jets operated at supercritical
pressure ratios are measured in the lLockheed anechoic facility. For all
test conditions, corresponding acoustic measurements for the fully-mixed
equivalent single jet (defined as having the same thrust, mass flow rate and
exit area as the coannular jet) are also obtained so that the noise charact-
eristics from the two types of jets can be compared directly to quantify the
noise reductions.

The shock associated noise from the fan or outer stream of the coannular
jet is virtually eliminated when the primary or inner stream is operated at
a Mach number just above unity, regardless of all the other jet operating
parameters. At this optimum condition, the coannular jet provides the
maximum noise reduction relative to the equivalent single jet. Furthermore,
unlike the reduction of jet mixing noise from a coannular jet, which occurs
only at inverted-velocity-profile conditions, the fan-to-primary velocity
ratio is not an important parameter in the elimination or reduction of shock
noise from a coannular jet. The shock associated noise reduction can be
achieved at inverted- as well as normal-velocity-profile conditions, provided
the coannular jet is operated with the primary stream just slightly super-
sonic.

To understand the acoustic results, a simple analytical model for the
periodic shock cell structure is first constructed and studied. The model
indicates that, as observed in previous optical measurements, a drastic
change in the fan stream shock cell structure occurs when the primary stream
increases its velocity from subsonic to supersonic. At this point, the
almost periodic shock cell structure of the fan stream nearly completely
disappears, and hence, the noise radiated is minimum.

In the second part of the theoretical work, a first order shock structure
model for the coannular jet is developed. Based on the concept that shock
associated noise is generated by the weak interaction between the downstream
propagating large scale turbulence structures in the mixing layers of the
jet and the repetitive shock cell system, formulae for the peak frequencies
and noise intensity scaling are derived. The validity of these formulae
is tested by comparison with measured results. Good agreement is found for
both subsonic and supersonic primary jet flows.
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1. INTRODUCTION

In recent years, as a result of the programs sponsored by NASA-Lewis
Research Center on model Duct Burning Turbofan (DBTF) engine noise measure-
ments, it has been noted that coaxial or coannular jets with inverted velocity
profiles provide a significant noise reduction. The data generated under
these programs. (refs. 1 and 2) have since been analyzed in detail at the
NASA-Langley Research Center (ref. 3), and conclusive evidence is now avail-
able to show that a 4-5 dB reduction in sound power levels, without loss of
engine performance, can be achieved at certaln optimum coannular jet operating
conditions. However, the reasons for the observed noise reductions are not
clearly and completely understood. If the inverted-profile concept is to be
effectively utilized to obtain a wider acoustic margin for the development of
the Advanced Supersonic Transport (AST), it is crucial that the noise reduction
mechanism be fully understood and that some technological basis be provided
for the optimization of coannular jet engine design for minimum noise.

To obtain a fundamental understanding of the noise reduction mechanisms
in coannular jets, Lockheed-Georgia conducted a one-year contract study for
NASA-Langley, and the results of this investigation were reported fully in
Reference 4. During this program, significant progress was made in gener-
ating a large amount of aerodynamic and acoustic data on inverted-profile
coannular jets, as well as in explaining the noise reductions in such jets.
However, the major emphasis in this work was placed on shock-free jet oper-
ating conditions, although some work was also conducted on shock-containing
conditions. As a result of this effort, the changes in turbulent jet mixing
noise characteristics in inverted-profile coannular jets, relative to the
equivalent single jet (defined as having the same thrust, mass flow rate, and
jet exit area as the coannular jet), have been largely understood and quanti-
fied.

The noise benefit from the inverted-profile concept, however, is con-
sidered to be maximum in the supersonic regime. At certain supercritical jet
operating conditions, large reductions in the shock noise component are
believed to occur. This belief was reinforced in the above-mentioned Lockheed
study (ref. 4) as a result of extensive optical measurements, which were
conducted to observe the variation of shock structure in coannular jets as a
function of fan (or outer) and primary (or inner) stream pressure ratio com-
binations.

In these optical measurements, 42 Schlieren photographs were obtained
covering three series of test conditions for the coannular jet. In each series,
the primary stream total temperature (Ttp), the fan stream total temperature
(Teg), and the fan stream pressure ratio (£f) were kept constant, and the
primary stream pressure ratio (£p) was varied over a large range. The nominal
values of the test parameters are given in Table 1.1.



Table 1.1 Test conditions for optical measurements (ref. 14)

T (0 T (K 3 6
Series 1 294 728 2.93 1.00 +~ 4. 49
Series 2 728 294 - 2.93 1.00 ~ 3.48
Series 3 728 978 2.37 1.00 - 3.53

In series 1, the fan flow was heated while the primary flow was unheated; in
series 2, the primary flow was heated while the fan flow was unheated;
finally, in series 3, both streams were heated.

In each test series, the variation in coannular jet shock structure
with increasing primary nozzle pressure ratio was qualitatively similar. To
illustrate this variation, the Schlieren photographs obtained from series 2
are shown here in Figure 1.1. For = 1 (Figure 1.1(a)), there is no flow
exhausting from the primary nozzle; tEe annular flow exhausting from the fan
nozzle contains a number of clearly identifiable, '"donut-shaped' shock
cells which rapidly decrease in diameter with downstream distance due to
the convergence of the annular flow towards the jet centerline. As soon as
the primary flow is turned on, these shock cells remain essentially constant
in size, and up to 8 or 10, almost regularly spaced shock cells can now be
identified. As £, is increased further, there is not a significant change
in the overall 'donut-shaped' shock structure, until £, becomes greater than
the critical pressure ratio. As soon as &, is increased above approximately
1.9 (Figure 1.1(e)), a drastic change in the shock structure occurs. At
this point, the closely-spaced shock cell structure in the fan stream ob-
served in all cases for £, < 1.9 is largely destroyed, and it is replaced
by only one or two shock cells close to the nozzle exits. As &, is now
increased to values well in excess of 1.9, the shock cells in the super-
critical primary stream become more and more evident, and increase in spacing
as &, increases. At the highest value of &, (Figure 1.1(£)), the total
shocE structure consists of one or two shocEs close to the nozzle exit from
the fan stream and three or four widely-spaced shock cells in the primary
stream.

Although this description of the observed changes in shock structure in
inverted-velocity-profile coannular jets is greatly oversimplified, the
Schlieren measurements do indicate a sudden change in the shock structure of
the outer flow when the inner flow becomes supersonic. Based on these obser-
vations, it was postulated that the broadband shock associated noise from
coannular jets may be greatly reduced at and near the conditions at which this
sudden change in the fan flow shock structure occurs. However, systematic
acoustic measurements to support this hypothesis were not available at tnat
time, and one of the primary requirements of the work described in this
report was to obtain such acoustic data. |In addition, it is vital to under-
stand the associated phenomena so that the noise benefit of coannular jets at
supercritical conditions can be exploited.
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The overall objective of the present investigation, therefore, is to
quantify and obtain a physical understanding of the noise reduction mechanisms
in supersonic inverted-velocity-profile coannular jets, with emphasis on the
shock associated noise reduction.

This objective was accomplished by (1) conducting extensive acoustic
measurements of supersonic coannular jets, and (2) interpreting the measured
noise results with the aid of new theoretical models for shock structure and
noise characteristics of shock-containing coannular jet flows.

The major findings of this investigation are as follows:

(1) The experimental results obtained in this study show that the shock
associated noise from the fan or outer stream of the coannular jet is virt-
ually eliminated when the primary or inner stream is operated at a Mach
number just above unity, regardless of all the other jet operating parameters.
At this optimum condition, the coannular jet provides the maximum noise
reduction relative to the equivalent single jet. Furthermore, unlike the
reduction of jet mixing noise from a coannular jet, which occurs only at
inverted-velocity-profile conditions, the fan-to-primary velocity ratio is
not an important parameter in the elimination or reduction of shock noise
from a coannular jet. The shock associated noise reduction can be achieved
at inverted- as well as normal-velocity-profile conditions, provided the
coannular jet is operated with the primary stream just slightly supersonic.

(2) The theoretical models for shock structure and shock associated
noise developed in this program are in complete agreement with the acoustic
and optical measurements. The models predict that a drastic change in the
fan stream shock cell structure occurs when the primary stream increases its
velocity from subsonic to supersonic. At this point, the almost periodic
shock cell structure of the fan stream nearly completely disappears, and
hence, the noise radiated is minimum.

In this report, the details of the acoustic experiments are given in
Section 2, and the measured noise results are presented and discussed fully
in Section 3. The next two sections (i.e., Sections 4 and 5) are devoted
entirely to theoretical model development and comparison of experimental
results with theoretical noise scaling formulae. Finally, the main con-
clusions of this work are given in Section 6.



Figure 1.1 Schlieren photographs showing the variation of shock
structure in a coannular jet with increasing Ep-
Fixed £¢=2.93, Tep = 728 ‘K, T¢f =294 K.
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2, ACOUSTIC EXPERIMENTS

The experimental program to obtain the far-field noise characteristics
of inverted-velocity-profile coannular jets under supersonic conditions is
described in this section in two parts. The first part deals with the facil-
ities and the data acquisition and reduction procedures used in the experi-
ments, while the second part gives the details of the coannular jet test
conditions.

2.1 FACILITIES AND DATA ACQUISITION

The acoustic experiments were conducted in the Lockheed anechoic facil-
ity, which has been used extensively in the past to conduct both single jet
and coannular jet noise measurements. A detailed description of this facil-
ity is given in Reference 5, and the salient features are summarized below.

The anechoic chamber provides a free-field environment at all frequ-
encies above 200 Hz, and incorporates a specially designed exhaust collector/
muffler which (i) provides adequate quantities of jet entrainment air, (ii)
distributes this entrainment air symmetrically around the jet axis, and
(iii) keeps the airflow circulation velocities in the room to a minimum.

The air supply for the primary and secondary jets originates from the
main compressor, which provides up to 9 kg/sec of clean dry air at 2.07 x
106 N/m2. This air is heated by a propane burner to approximately 1100 K.
Downstream of the burner, the primary and secondary air supplies are con-
trolled independently, and each has a hot and a cold valve so that any
desired jet operating conditions can be achieved within the pressure and
temperature limitations of the system. Each airstream is then directed
through a diffuser and a muffler to minimize internal noise levels. The two
streams finally enter their respective plenums, which are located upstream
of the coannular nozzle section.

Special attention has been paid to flow conditioning. Downstream of the
mufflers, the flow area to nozzle exit area is maintained greater than 36:1
up to the nozzle inlet. This ensures that no additional noise or turbulence
is generated, since the flow velocities are very low.

To ensure that the relative axial positions of the exit planes of the
two nozzles do not vary, a special expansion coupling has been incorporated
in the primary ductwork, with a corresponding spacer in the secondary duct-
work. This provides for expansion or contraction of the inner duct relative
to the outer duct of *4 mm from center, which is adequate for the thermal
expansion associated with the probable temperature differentials between
primary and secondary flows.

Finally, to maintain concentricity of the two nozzles at all times, a
special spoked nozzle attachment flange is included.

10



2.1.1 Coannular Nozzle Configuration

The coannular nozzle that was used throughout this investigation is
shown in Figure 2.1. (The same nozzle was also used for the optical
measurements - discussed in Section 1 - during the previous contract study.)
The nozzles have been carefully designed to give minimum boundary layer
thickness and flow streamlines parallel to the jet axis at the exit. The
specifications of the nozzle configuration are as follows:

Diameter of primary nozzle Dp = 4.996 cm
Diameter of fan nozzle Df = 6.797 cm
Primary nozzle lip thickness tp = 0.0508 cm
Fan nozzle lip thickness tf = 0.0508 cm
Primary nozzle wall thickness at fan nozzle

exit plane = 0.127 cm
Primary nozzle extension beyond fan nozzle

exit plane L =0.40Dp
Radius ratio rp/rf = 0.735
Primary stream exit area Ap = 19.604 cm?2
Fan stream exit area Af = 14.637 cm?
Equivalent (or total) jet exit area A= 34.241 cm?
Area ratio Af/Ap = 0.747
Equivalent nozzle diameter Deq = 6.603 cm

To obtain acoustic results for the equivalent single jet corresponding
to the coannular jet, measurements were conducted by removing the fan or
outer nozzle and operating the primary or inner nozzle alone at the equiva-
lent single jet operating conditions. Since the diameter of this primary
nozzle is 4.996 cm, the results were subsequently scaled to an equivalent
nozzle diameter of 6.603 cm, using standard size scaling procedures. In
this manner, the coannular jet noise data can be compared directly with the
equivalent single jet noise data to determine the noise benefit. This point
will be elaborated in Section 2.2. Throughout the tests no screech suppression
device was used.

2.1.2 Data Acquisition

The acoustic measurements were conducted on a polar arc of radius 3.05 m
(10 feet). Eleven 6.35 mm (4-inch) B&K microphones were positioned from 20°
to 120° to the downstream jet axis at intervals of 10°. The sound pressure
data were recorded on a multi-channel Honeywell tape recorder for subsequent
analysis. The recorded data were analyzed on a General Radio one-third
octave band analyzer over the frequency range from 200 Hz to 80 KHz, and
the results were recorded on a digital tape recorder. The recorded
levels were subsequently processed on a digital computer using a data reduc-
tion program which applies microphone frequency response corrections and
atmospheric attenuation corrections, and computes overall sound pressure
levels over the frequency range 200 Hz - 80 KHz.

It should be noted that all sound pressure and sound power results
presented in this report are lossless (that is, with zero atmospheric
attenuation), and the levels are expressed for a common observer distance
of R = 100 Deg (i.e., R =6.6 m) from the nozzle exit.

11



2.2 TEST PROGRAM

Due to the large number of absolute parameters (e.g., velocity, temper-
ature, area, etc.) as well as parameter ratios involved in characterizing
coannular jet noise, the noise reduction can be (and has been) examined and
quantified in a number of different ways. In the earlier studies on normal-
velocity-profile coannular jets (fan-to-primary velocity ratio Vf/Vp < 1),
the coannular jet noise levels were almost always compared with the noise
levels from the primary jet alone. |In many of the initial studies on
inverted-velocity-profile coannular jets (i.e., Vf/Vp> 1), the noise reduc-
tion has been assessed in most part by either (i) comparing coannular jet
noise levels with synthesized noise levels, or (ii) comparing coannular jet
noise levels to the V¢/Vy = 1 case for fixed fan velocity Vg, The ''syn-
thesized'" method has no physical rationale, whereas the other two schemes
are at best misleading. It was only relatively recently that some selected
results have been re-examined to assess the noise reduction with respect to
the corresponding ''"fully mixed equivalent single jets.'" But even in those
cases where the noise benefit has been evaluated correctly (according to
the criteria discussed in the next paragraph), some confusion exists as to
whether the net noise reductions are due to reductions in the jet mixing
noise component or reductions in the shock noise component, since a clear
distinction between shock-free and shock-containing coannular jets has not
been made in these evaluations.

in order to evaluate the real noise benefit, it is desirable to have a
means of comparing different coannular jet noise levels which takes realistic
account of the aircraft propulsion design constraints. Significant par-
ameters in this context include nozzle gross thrust, mass flow rate, total
enthalpy change, and exit area. A constant-thrust comparison is obviously
essential; which two other parameters should be kept constant is to some
extent arbitrary. In the Lockheed work, area and mass flow rate have been
chosen for the time being, and it is believed that the final conclusions are
not expected to differ significantly if mass flow rate and total energy are
kept constant instead {(with area as the floating parameter). As a basis for
quantifying the noise reductions, therefore, the fully-mixed equivalent
single jet, defined as having a uniform exit profile and the same exit area,
mass flow rate, and thrust as the actual coannular jets, is used. Compari-
son on this basis indicates where particular coannular configurations hold
promise of useful noise reductions in an actual propulsion application.

in the first Lockheed study on coannular jets (ref. 4), the noise
reductions from shock-free coannular jets were quantified and understood on
the basis discussed above. The same criteria are now used in the present
work where the emphasis is placed on noise reductions from shock-containing
coannular jet flows.

As mentioned in Section 1, in the previous contract study (ref. 4),
three sets of optical measurements of supercritical inverted-velocity-profile
coannular jets were conducted, which revealed that the repetitive shock cell
structure in the fan or outer stream can be largely destroyed (or minimized)
if the primary or inner nozzle is operated just above the critical pressure
ratio. The acoustic test plan presented here is designed to determine

12



whether such a behavior leads to significant reductions in the corres-
ponding shock associated noise (generated in the fan stream) at these
Hoptimum'' operating conditions.

Four series of acoustic measurements were conducted as shown in
Table 2.1.

Table 2.1 Test conditions for acoustic measurements

Tep (K) Teg(K) Pef/Pa Ptp/Pa
Series 1 300 800 3.0 1.2 > 4.0
Series 2% 800 300 3.0 1.2+ 4.0
Series 3 600 800 3.0 1.2 > 4.0
Series 4 300 800 4.3 1.2 > 4.0

* Includes cases similar to the schlieren photographs of
Section 1.

In the first test series, the primary flow was unheated while the fan flow
was heated; in the second test series, the primary flow was heated while the
fan flow was unheated; in the third test series, both flows were heated with
the fan flow at a higher total temperature (T{f) than the primary flow total
temperature (Ttp)

In the first three series, the fan stream pressure ratio (ptf/pa) was
maintained constant at 3.0; in series 4, this was increased to 4.3. Within
each test series, the primary stream pressure ratio (Pt /pa) was varied
from 1.2 to 4.0. Fourteen values of primary pressure ratlo were considered
in each test series, thus giving a total of 56 coannular jet operating
conditions. The values of p., /py were closely spaced around the critical
pressure ratio, Ptp/pa = 1.9, so that the noise changes at and around the
"optimum'' condition can be determined accurately.

As mentioned before, the noise reduction needs to be assessed by com-
paring the coannular jet noise levels with the corresponding equivalent
single jet noise levels. The equivalent single jet is defined here as having
the same exit area, mass flow rate, and thrust as the coannular jet. In
principle, although the noise characteristics at the fully-mixed equivalent
conditions can be obtained by using the existing noise prediction capability,
it was felt that in certain cases the inaccuracies in the noise predictions,
especially at supersonic conditions, may be of the same order of magnitude
as the real noise reductions. Hence, in this basic research program, it was
decided that conclusions based in part on nhoise predictions be avoided.
Therefore, measurements at 56 equivalent jet conditions were also conducted
in this program using a convergent nozzle.

An outline of the procedure used to calculate the equivalent single jet

operating conditions corresponding to the coannular jet operating conditions
is given in a block diagram form in Figure 2.2. A computer program based

13



on this procedure was written, and the output from. this program, presented
here as Tables 2.2, 2.3, 2.4 and 2.5, gives all the information relevant to
the test plan for this investigation. In this. test plan, the ambient pressure
(p;) and the ambient temperature (T;) were taken to be 98.25 KN/m? (14.25

psi) and 300K (80°F), respectively. In the tables, the pressure ratio,

total temperature, mass flow rate, thrust, and the fully-expanded jet

velocity for the coannular jets (i.e., primary and fan streams) and the
equivalent single jet are given for each test point (TP). In addition, for
each test series, the fully-expanded fan-to-primary velocity ratio, Vf/Vp,

is listed in the last column of each table.

Finally, the test plan is also illustrated graphically in Figures 2.3
and 2.4, where the 56 coannular jet test points are indicated by the
circles — the full circles representing series 1, 2 and 3 with fan stream
pressure ratio of 3.0, and the open circles representing series 4 with
Pef/pg = 4.3. The total experimental program spans a wide range of fully-
expanded fan-to-primary velocity ratios (Vf/Vp) from 0.55 to 4.27. The
fully-expanded equivalent jet velocity varies from approximately 380 to 650
m/s. Within each series, the test point at which the primary stream
pressure ratio becomes critical (i.e. ptp/Pa = 1.9) is shown by the dashed
lines in both figures. At these conditions, the values of Vf/Vp are 0.77,
1.47, 2.08 and 2.35 for series 2, series 3, series 1 and series 4 tests,
respectively. Hence, in this experimental program, if the current postu-
lations regarding the maximum reductions in the shock noise component are
valid, then we can expect to see large reductions in coannular jet noise
levels (relative to the equivalent single jet noise levels) at these
four velocity ratios.

In the next section, se will see if this is indeed true.

14



(ALL DIMENSIONS IN CENTIMETERS)

0.0508

Dp = 4.996
- i -l
De=6.797
0.127
1.27 =
2.07

Figure 2.1 Coannular nozzle configuration.
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Figure 2.2

INPUT PRIMARY AND FAN
PRESSURE RATIOS /Par Ptf/Pa)
AND TOTAL TEMPERATUEES (Ttp, Ttf)

CALCULATE PRIMARY AND FAN
MASS FLOW RATES (mp,mg)
AND THRUSTS (Fp, Fg)

CALCULATE FULLY-EXPANDED JET
VELOCITIES (Vy, Vg) FOR PRIMARY
AND FAN STREAMS

CALCULATE EQUIVALENT JET
MASS FLOW RATE (Mgq)
AND THRUST (Feg)

DETERMINE IF EQUIVALENT JET IS
UNDER-EXPANDED OR FULLY-EXPANDED

CALCULATE EQUIVALENT JET
PRESSURE RATIO (pteq/Pa)
AND TOTAL TEMPERATURE (Treq)

CALCULATE FULLY-EXPANDED JET
VELOCITY (Veq) FOR EQUIVALENT JET

Procedure to calculate equivalent single jet operating
conditions using coannular jet operating conditions.
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FULLY-EXPANDED VELOCITY RATIO Vf/Vp

Figure 2.3  Experimental program chart showing coannular jet operating conditions
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FULLY-EXPANDED VELOCITY RATIO Vf/Vp

Values of equivalent single jet velocity (Veq) in the experimental program.




Table 2.2 Test conditions for Series 1.
PRESSURE TOTAL MASS FLOW THRUST VELLCITY |VELOCITY
TP JET RATIO TEMPERATURE  RATE NEWTONS M/S RATID
PT/PA DEG K KG/S VE/VP
PRIMARY 1,200 300,0 0.,4121 72.1 174,9
1 FAN 3,000 800,0 0.,6094 400,7 662,3 3,79
EQUIVALENT] 1.897 637.6 1,0214 472,8 464.1
PRIMARY 1,400 300,0 0,5786 136,0 235,1
2 FAN 3,000 800,0 0,6094 400,7 662,3 2.82
EQUIVALENT| 2.047 549,0 1,1879 $36,7 452,8
PRIMARY 1,600 300,0 0,7036 193,79 278,3
3 FAN 3,000 800,0 0.6094 400,7 662,3 2.41
EGUIVALENT| 2,182 510,7 1,3130 594.4 453,86
PRIMARY 1,700 300,0 0,7574 220,.6 291,3
L FAN 3,000 §00,0 0.6094 400,7 662,3 2.27
EQUIVALENT| 2.245 499,0 1,36668 621,3 455,7
PRIMARY 1,800 300,0 0.8070 246,4 305,3
5 FAN 3,900 800,0 U.6094 400,7 662,3 2,17
EGUIVALENT| 2,306 4990,0 1,4164 647,1 456,2
PRIMARY 1,900 300,0 0,8532 271,2 317.9
6 FAN 3,000 800,0 0,6094 400,7 662,3 2.08
EQUIVALENT| 2.364 463,1 1,4625 671,9 460,65
PRIMARY 2.000 300,0 0.BY61 295,6 329,.2
7 FAN 3,000 500,0 0,094 400,7 662,3 2,01
EQUIVALENT| 2,421 477,0 1,507 696, 3 463,5
PRIMARY 2,100 300,0 0,9430 320,0 339.4
8 FAN 3,000 8€0.0 0,6094 400.7 62,3 1.95
EQUIVALENT| 2,478 471.3 1,5524 720,7 466,0
PRIMARY 2,200 300,0 U,9879 344,4 34b,8
9 FAN 3,000 500.0 0,6U94 400,7 662,3 1,90
EQUIVALENT| 2,536 466,0 1,5973 745,1 466,4
PRIMARY 2.400 300,0 1,0777 393,3 365,4
10 FAN 3,000 600,0 0,6094 400,7 662,3 1,81
*| EQUIVALENT| 2,650 456,2 1.6871 793,9 472,9
PRIMARY 2.700 300,0 1,2124 466,5 36b6,1
11 FAN 3.000 800,0 0,6094 400,7 62,3 1.72
EQUIVALENT| 2,822 443,6 1.6218 867,2 479.1
PRIMARY 3,100 300,0 1,3921 564,1 408,2
12 FAN 3.000 00,0 0,6094 400,7 62,3 1,62
EQUIVALENT] 3,051 429,6 2,0014 964.8 486,3
PRIMARY 3,500 300,0 1,5717 661,48 426,1
13 FAN 3,000 €00,0 0,6094 460,7 62,3 1,55
EQUIVALENT 3,280 418,1 2,1810 1062,5 492,6
PRIMARY 4,000 300,0 1,7962 783,8 444,3
14 | ran 3,000 800,0 0.6094 400,7 662.3 1,49
EGUIVALENT] 3,566 406,3 2.4056 1184,5 499,6
TP TEST POINT
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Table 2.3 Test conditions for Series 2.

PRESSURE TOTAL MASS FLOW THRUST  VELOCITY | vELOCITY

TP JET RATIO TEMPERATURE  RATE NEWTONS M/S RATIO

PT/PA DEG K KG/S VF/VP
PRIMARY 1,200 800,0 0.2516 71,9 286,0

15 FAN 3.000 300,0 1,0059 403,0 403,2 1,41
EQUIVALENT] 1,902 423.1 1,2574 474,9 378,1
PRIMARY 1,400 600,0 0,3523 135,85 384,.6

16 FAN 3,000 300,0 1,0059 403,0 403,2 1,05
EQUIVALENT] 2,051 421,17 1,3581 536,5 397,0
PRIMARY 1,600 §00,0 0.4274 192.6 450,7

17 FAN 3,000 300,0 1,0059 403,0 403,2 0,89
EQUIVALENT| 2,165 429,8 1,4333 595,6 416,3
PRIMARY 1,700 BU0,0 0,4596 219,2 477.0

18 FAN 3,000 300,0 1,0059 403,0 403,2 0,85
EQUIVALENT] 2,246 434,9 1.4655 62242 425,5
PRIMARY 1,800 §00,0 0,4893 244.7 500, 2

19 FAN 3,000 300,0 1,0059 403,0 403,2 0,81
EQUIVALENT| 2,307 440,3 1.4951 647,7 434,3
PRIMARY 1.900 ©00,0 0,5169 269,2 520,9

20 FAN 3,600 300,0 1,0059 403,0 403,2 0,77
EQUIVALENT| 4,365 445,9 1.5227 672,2 442,717
PRIMARY 2,000 600,u 0.5441 293,5 539,6

21 FAN 3,000 300,0 1,0059 403,0 403,2 0,75
EQUIVALENT| 2,422 451.4 1,5499 696,5 450,6
PRIMARY 2,100 80U,.G 0,5713 317.9 556,6

22 | ran 3,000 500,0 1,0059 403,0 403,2 0,72
EQUIVALENT| 2,479 456,7 1,5771 720,8 43b,7
PRIMARY 2,200 600,0 045985 342,2 27241

23 | FAN 3,000 300,06 1,0059 403,0 403,2 0,70
EQUIVALENT| 2,536 461,9 1.6043 745,2 466, 4
PRIMARY 2.400 800,0 0,6%29 390,8 599,5

2L | Fan 3,000 300,0 1,0059 403,0 403,2 0,67
EQUIVALENT| 2,050 471,8 1,6587 793,.8 481,0
PRIMARY 2,700 800,06 0,7345 463,7 633,9

25 FAN 3,000 300,0 1.0059 403,0 403,2 0,64
EQUIVALENT| 2,821 485,7 1,7404 B66,7 501,4
PRIMARY 3,100 800,0 0,8433 60,9 670.7

26 | Fan 3,000 300,0 1.0059 403,0 403,2 0,60
EQUIVALENT| 3,049 502,6 1.8492 963,9 526,3
PRIMARY 3,500 800,0 0,9521 658,2 700,5

27 | FaN 3,000 300,0 1,0059 403,0 403,2 0.58
EQUIVALENT| 3,277 517,.8 1,9580 1061,2 948,7
PRIMARY 4,000 800,0 1.0681 779.7 730,9

28 FAN 3,000 300,0 1,0059 403,0 403,2 0.55
EQUIVALENT| 3.561 534,9 2,0940 1162,7 574,0
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Table 2.4 Test conditions for Series 3.

PRESSURE

JET TOTAL MASS FLOW THRUST  VELOCITY | VELOCITY
TP RATIO TEMPERATURE  RATE NEWTONS M/S RATIO
PT/PA DEG K KG/S VF/VP
PRIMARY 1,200 600,0 0,2909 72,0 247,5
29 |Fan 3,000 800,0 0,6U94 400,7 662,3 2,68
EQUIVALENT| 1,897 821,0 0,5002 472,7 527.2
PRIMARY 1,400 600,0 U.4077 135,7 332,8
30 |FaN 3,000 800,0 0,6094 400,7 662,3 1,99
EQUIVALENT| 2,046 748,4 1,0171 536,4 529,5
PRIMARY 1,600 600,0 0,4952 193,1 389,9
31 FAN 3,000 800,0 0,6094 400.7 62,3 1.70
EQUIVALENT} 2,181 720,7 1,1045 593,7 539.9
PRIMARY 1,700 600,V 0,5327 219.8 412,6
32 FAN 3,000 800.0 0,6094 400.7 662.3 1,61
EQUIVALENT] 2,243 713.4 1,1421 620,5 545,8
PRIMARY 1,800 600,0 0,5673 245,4 432,6
33 |FaN 3,000 800,0 0,6094 400,7 662,3 1,53
EQUIVALENT| 2,303 708.6 1,1766 646,1 551,8
PRIMARY 1,900 600,0 0,5995 270,0 450,5
34 |ran 3,000 800,0 0.6094 400,7 662, 3 1.47
EQUIVALENT| 2,361 705,5 1,2088 670,7 557,86
PRIMARY 2,000 600,0 0,6310 294,4 466,6
35 FAN 3,000 800,0 0,6094 400,7 662,3 1,42
EQUIVALENT| 2,418 702,.8 1.2404 695,1 563,5
PRIMARY 2.300 600,0 0,6626 318,17 431,2
36 |Fan 3,000 800,0 0,6094 400,7 662,3 1,38
EQUIVALENT| 2,475 700,3 1,2719 719,4 569.1
PRIMARY 2,200 600,0 0.6941 343,1 494.5
37 |Fan 3,000 800,0 0.6094 400,7 662,3 1,34
EQUIVALENT| 2,532 697,9 1,3035 743,8 574,.3
PRIMARY 2,400 600,0 0,7572 391,8 518.2
38 IFan 4,000 800,0 0,6094 400,7 662,3 1,28
EQUIVALENT]| 2,647 693,5 1.,3666 792,5 584,3
PRIMARY 2,700 600,0 0,8519 464,8 547,.7
39 |Fan 3,000 800,0 0.,6094 400,7 62,3 1.21
EQUIVALENT| 2,818 687.6 1,4612 665,5 597,8
PRIMARY 3,100 600,0 0.9781 562,2 579,.4
LG |Fan 3,000 800,0 0,6094 400,7 062,3 1,14
EQUIVALENT| 3,046 660,9 1,5874 962,9 613,7
PRIMARY 3,500 600, 0 1.,1043 659,.6 605,0
b1 |ran 3,600 800,0 0,6094 400,7 662,3 1,09
EQUIVALENT| 3,275 675.2 1,7136 1060,3 627,8
PRIMARY 4,000 600,0 1.2640 781.4 631,0
Lo |Fan 3,000 800,0 0,6094 400,7 662,3 1,05
EQUIVALENT| 3,560 669,1 1,8714 1182,1 643,1
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Table 2.5 Test conditions for Series 4.

PRESSURE TUTAL MASS FLOW THRUST VELOCITY| VELOCITY
TP JET RAIIU TEMPERATURE  RATE NEWTDNS M/S RATIO
P1/PA DEG K KG/S VE/VP
y3 | PRIMARY 1.200 300,09 0,4121 72.1 174.9
FAN 4,300 8C0,0 0,8734 636,6 T46,4 4,27
EQUIVALENI 2,450 871,86 1.2855 708.7 554.4
bfh PRIMARY 1,400 300,0 00,5786 130.,0 235,1
FAN 4,300 800.0 0,8734 636,6 746.4 3,17
EQUIVALENT| 2,600 592,9 1,4520 772.6 535,3
PRIMARY 1,600 300,0 0,7036 193,7 275,3
Lt | Fan 4,300 $00,0 0,8734 636,6 746,4 2,71
EQUIVALENT] 2.73% 956,3 1,5770 830.3 530,1
PRIMARY 1,700 30U,0 0.7574 226.6 291,3
L6 | kan 4,300 800.0 0,6734 636.6 746.4 2,56
EGUIVALENT] 2,798 544.4 1,6308 857,.2 529,5
PRIMARY 1,860 3V0,0 0,8070 246,4 305,3
47 1 ran 4,300 00,0 0,8734 636,6 746,4 2,44
EGUIVALENT, 2,859 535.2 1,6804 883,0 §29,6
PRIMARY 1,900 300,0 0.8532 271.2 317.9
L8 | Fan 4,300 800,0 0.8734 636,6 746.4 2.35
EGUIVALENT| 2,917 527.8 1.7266 907.8 530,2
PRIMARY 2,000 300.0 0.8981 295.6 329,2
b9 | ran 4,300 800,0 0.8734 636.6 746,4 2,27
EQUIVALENT| 2,974 521,2 1.7715 932,2 531,0
PRIMARY 2.100 300:0 0,9430 320,0 339,4
50 | rFan 4,300 800.0 0.65734 636.6 146, 4 2,20
EGUIVALENT| 3,032 515,0 1.8164 956,.6 531,7
PRIMARY 2.200 300,0 0,987% 344.4 348,86
51 FAN 4,300 £00.0 0,8734 63646 746,.4 2.14
EQUIVALENT| 3,089 509,2 1,8613 $61.1 532,4
PRIMARY 2,400 300,0 1,0777 393,3 365.4
52 FAN 4,300 800,0 0,8734 636,6 746,4 2,04
EQUIVALENT| 3,203 498,4 1.9511 1029,9 533,8
PRIMARY 2,700 300,0 1,2124 466,5 366,14
53 | ran 4,300 800,u 0.8734 636.6 146, 4 1,93
EQUIVALENT| 3,375 484,1 2,0658  1103,1 535,9
PRIMARY 3,100 300,0 1.3924 564,1 408,2
54 | Fan 4,300 800,0 0,8734 636.6 74644 1.683
EQUIVALENT| 3.604 467.9 2,2655  1200,8 538.4
PRIMARY 3,500 300,0 1.5717 661,80 426,1
55 ]| FaN 4,300 00,0 0,8734 636.6 746.4 1,75
EQUIVALENT} 3,833 454,3 2,4451 1268,4 540,9
PRIMARY 4,000 360,0 1,7962 763,8 444,3
g | EAN 4.300 $00,0 0,8734 636,6 146.4 1.68
5 EQUIVALENT 4.119 440,2 2,6696 1420,5 543,86
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3, MEASURED RESULTS

The results from the acoustic experiments conducted in this program are
presented in this section in sufficient detail to show the major features of
shock associated noise and its reduction in inverted-velocity-profile
coannular jets. The data are plotted and discussed to cover three specific
aspects: (1) the variation of coannular jet noise levels with primary stream
Mach number, (2) the comparison of noise characteristics of coannular jets
and equivalent single jets on an absolute basis, and (3) the differences in
noise levels between the coannular jet and the equivalent single jet (on a
relative basis) to quantify the noise reductions. In addition to the results
presented in this section, a comprehensive set of sound pressure level data
in the form of one-third octave band spectra is given in Appendix 1 of this
report.

3.1 OVERALL SOUND PRESSURE LEVEL RESULTS

The overall sound pressure levels as a function of observer angle 6
(relative to the jet exhaust) are plotted in Figure 3.1 for five values of
the primary stream Mach number (Mp) to cover the entire range of coannular
jet operating conditions within test series 1. The two lowest values of Mp
are subsonic, the third value (MP= 1.05) is slightly supersonic, and the
remaining two values of M, are supersonic. Also shown in the same figure are
the corresponding overall sound pressure levels for the equivalent single
jet. These are indicated by the square symbols. For both types of jets
(i.e., coannular jet and equivalent single jet) operated at supersonic con-
ditions, the noise radiated at small angles to the jet exhaust is normally
dominated by the turbulent jet mixing noise component, while the noise
radiated at large angles is primarily controlled by the shock noise com-
ponent. Since the main objective in this program is to study the reduction
of shock associated noise in inverted-velocity-profile coannular jets, we
will restrict the discussion that follows mainly to the OASPL results in the
forward arc of the jet.

Figure 3.1 shows that at the lowest primary stream Mach number, Mj=0.52,
the coannular jet is much noisier than the equivalent single jet in the
forward arc. This is because the shock associated noise from the fan stream
of the coannular jet is very high. As the value of Mp is increased to 1.05,
a dramatic reversal in trend occurs, and the coannular jet is now much
quieter than the equivalent single jet in the forward arc. Finally, as the
primary flow becomes more and more supersonic, the shock structure in this
stream gains strength, and the resulting shock associated noise becomes
more and more important. The net result is that in this test series, even
though the coannular jet at M =1.38 is still quieter than the equivalent
single jet in the forward arc, the effective noise reduction is not as large
as that in the Mp==1.05 case. That is, it appears that the reduction in
shock associated noise from the coannular jet is maximum when the primary
stream is operated at a Mach number just above unity. This observation will
be reinforced further when we will present the results in a different form
as well as when we will examine the detailed spectral results.
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So far we have discussed the variation of OASPL results with 6 and M, for
test series 1. For completeness, the corresponding results obtained from
test series 2, 3 and 4 are presented in the same fashion in Figures 3.2, 3.3,
and 3.4, respectively. An examination of these figures reveals that even
though minor variations exist in the results, the overall features discussed
above are evident in all cases. On the whole, a coannular jet, which is
approximately 8 - 10 dB noisier than the equivalent single jet in the forward
arc when the primary stream is subsonic, becomes approximately 3 - 7 dB quieter
when the primary stream becomes slightly supersonic. The exact noise benefit
varies from one test series to another, and it is governed by the basic jet
mixing noise component of the coannular jet at the optimum condition, whose
level undoubtedly varies from one test series to another. We will return to
this point later.

To make the above observations clearer, the overall sound pressure level
results for all four test series are cross-plotted in Figures 3.5 through
3.8. Here, the results at 8=120° only are considered (where shock noise
dominates), and the OASPL values of the coannular jet (circles) and the
equivalent single jet (squares) are compared as a function of the primary
stream Mach number, M_. Each of these four figures reveal two important
features. First, when the variation of coannular jet noise levels with My is
examined on its own, it is absolutely clear that the noise level reaches a
minimum within each test series, and this ''optimum'' condition is obtained
when the primary stream Mach number becomes slightly greater than one. The
second feature arises when the coannular jet noise levels are compared with
the corresponding equivalent single jet noise levels. Here, as observed
earlier in the directivity plots (Figures 3.1 through 3.4), it is quite clear
that within each test series, the coannular jet, which starts off by being
noisier than the equivalent single jet when M, is in the low subsonic range,
becomes quieter as M, is increased, especially when Mp is supersonic. Further-
more, as before, the maximum noise reduction appears to occur when the primary
stream Mach number is just slightly supersonic.

Finally, the reduction of shock associated noise from coannular jets can
be examined even more explicitly by plotting the differences in overall
sound pressure levels, AOASPL, between the coannular jet and the equivalent
single jet. These results are shown in Figures 3.9 through 3.12 for test
series 1 through 4, respectively. Once again, the noise benefit is examined
as a function of the primary stream Mach number, Mp. However, in these four
figures, the results at 8=90° are also included together with the results at
8 =120° which we have been concentrating on so far. The figures really speak
for themselves. Noting that the coannular jet is gquieter than the equivalent
single jet when AOASPL is negative, and vice versa, each one of these four
figures shows that at both 6=90° and 6 =120°, the noise reduction is maximum
when the primary stream is operated just above the critical pressure ratio
(i.e., when Mp is greater than approximately 1.0). The maximum noise
reduction at ©6=90° is slightly lower than the maximum noise reduction at
8=120°. As mentioned earlier, since this is governed by the basic level of
the jet mixing noise component of the coannular jet at the "‘optimum' or
"minimum noise' condition, the results are simply telling us that the jet
mixing noise level at 6=90° is higher than the jet mixing noise level at
6=120°. This is entirely consistent with the existing knowledge of shock-
free coannular jet noise, in particular the variation of jet mixing noise
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level -with observer angle 6.

This last aspect is very important from the standpoint of practical
application of the results of these experiments. There is no doubt that the
shock associated noise from a coannular jet is virtually eliminated when the
primary jet is operated at a slightly supersonic Mach number. However, the
maximum noise reduction at this "optimum'' condition varies from one test
series to another, it being the highest for test series 2 and the lowest for
test series 3 in the present experiments. This implies that at the ''optimum'
condition, the noise level of the coannular jet is governed or set by the
residual jet mixing noise. Therefore, in order to obtain the maximum noise
reduction relative to the equivalent single jet, the basic jet mixing noise
at the optimum condition of the coannular jet must also be reduced relative
to the jet mixing noise level of the equivalent single jet. In principle,
this can be achieved by a judicious selection of the engine cycle for a
particular application. That is, to obtain the maximum noise reduction from
an inverted-velocity-profile coannular jet relative to the equivalent single
jet, two criteria must be kept in mind. First, the pressure ratio of the
primary flow must be kept slightly greater than the critical value to
eliminate (or at least minimize) the shock associated noise, and second, the
combination of fan nozzle pressure ratio and primary and fan flow total
temperatures must be selected carefully to minimize the jet mixing noise
component.

Another important finding which emerges from these results, and which
must not be overlooked, is that in test series 2, even though the coannutar
jet is operated at normal-velocity-profile conditions (i.e., with fan-to-
primary velocity ratio Vg/Vp < 1 — see Table 2.3), large reductions in noise
are still obtained. In fact, in the present experiments, the reductions in
the 0ASPLs are the largest for test series 2., Hence, it is apparent that a
coannular jet need not be necessarily operated at inverted-velocity-profile
conditions to reduce the shock associated noise component. Provided that
the coannular jet is operated with the primary stream slightly supersonic,
the shock associated noise is virtually eliminated (or at least minimized)
regardless of whether the velocity ratio Vf/Vp is less than or greater than
unity.

So far we have discussed the OASPL results only in the forward arc of the
jet, which is of primary interest as far as the objective of this program is
concerned. However, to verify that the results from these experiments are
consistent with past observations on jet mixing noise from coannular jets, it
is worthwhile to at least lTook at some results in the rear arc where the
noise is dominated by the jet mixing noise component. Figures 3.13 and 3.1k
show the variation of AOASPL with primary stream Mach number (Mj) at 6= 30°
for test series 1 and 2. In both the figures, the values of ve?ocity ratio
Vg/V, are also indicated. |In Figure 3.13, the coannular jet is operated at
inverted-velocity-profile conditions, and the noise reductions at 6= 30°
are essentially due to the reduction in the jet mixing noise relative to that
of the equivalent single jet. In contrast, the coannular jet is operated at
normal-velocity-profile conditions in Figure 3.14. As a result, the jet
mixing noise levels at 6 =30° are higher than those for the equivalent single
jet. These findings are entirely in agreement with the results of previous
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studies on coannular jet noise under shock-free conditions, as described in
Reference 6.

3.2 ONE-THIRD OCTAVE BAND SPL SPECTRA

In the preceding subsection dealing with overall sound pressure level
results, it was assumed throughout that the noise levels in the forward arc
of the jet are dominated by shock associated noise, and therefore, the
reductions in 0ASPLs in the forward arc reflect the reductions in shock
associated noise. We can now proceed to substantiate this general assumption
by presenting detailed spectral results for the sound pressure.

Figures 3.15 through 3.18 show the comparison between SPL spectra of the
coannular jet and the equivalent single jet at ©=120° for the four series
of experiments. Within each test series, five values of the primary stream
Mach number (Mp) are chosen to be consistent with the OASPL comparisons
presented earlier in Figures 3.1 through 3.4. In general, as is usually
the case, the low frequency parts of the spectra are smoothly varying, which
is a well-established characteristic of the jet mixing noise component. On
the other hand, the middle and high frequency parts of the spectra display
the peaky shapes associated with the shock associated noise component,
except, of course, when the shock noise is eliminated or is not dominant.

On the whole, the low frequency noise levels from the coannular jet are
about the same as the corresponding low frequency noise levels from the
equivalent single jet. Hence, it can be concluded that in the forward arc
the jet mixing noise levels for the coannular jet and the equivalent single
jet are roughly the same. It is the difference in noise levels at the high
frequencies, however, that is of major interest in the present work. In this
regard, each of the four figures essentially displays a similar trend, which
is as follows. At the lowest value of Mp, the shock noise from the coannular
jet is much higher than the equivalent single jet noise level. This shock
noise is generated in the fan stream of the coannular jet since the primary
stream is subsonic, and hence shock-free. As M, is increased, the shock
noise in the equivalent single jet increases in level, while the shock noise
in the coannular jet decreases. At Mp=1.05, there is little indication of
any shock noise in the coannular jet (exept in Figure 3.18), and the entire
spectrum is broad and smooth. This is the so-called '"optimum' condition,
where the coannular jet gives the maximum noise reduction relative to the
equivalent single jet. Beyond this optimum condition, when M, is increased
in the supersonic range, a shock associated noise peak in the coannular jet
noise spectrum reappears. However, the shock associated noise in this
regime is generated by the supersonic primary stream, and its strength in-
creases as the Mach number My increases. At the highest value of My in each
figure, the shock noise from the coannular jet is almost the same as the
shock noise from the equivalent single jet.

To emphasize the elimination or reduction of shock associated noise in
a coannular jet at the optimum condition even further, the SPL spectra at
8=120° from all the test points are presented in Figures 3.19 through
3.22. The four figures refer to the four series of experiments. Within
each test series, the results at all values of the primary stream Mach
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number (Mp), covering a wide range from 0.52 to 1.56, are included for
completeness. As each figure is glanced over from top to bottom, it becomes
absolutely clear that the shock associated noise from the coannular jet is
eliminated (or at least minimized) when the primary flow Mach number is
slightly greater than one. The spectrum at this condition is indicated by
the thicker line in each figure. On either side of this minimum noise
condition, shock associated noise is clearly present. For Mj;<1, it is
generated in the fan stream of the coannular jet, while for Mpz1, it is
generated in the supersonic primary stream of the coannular jet.

Finally, to conclude this presentation of the spectral results, it is
worthwhile to touch upon the jet mixing noise aspect, just as it was done in
the case of the OASPL results. Figures 3.23 and 3.24 show the comparison of
SPL spectra from the coannular jet and the equivalent single jet at 6 =30°,
where the jet mixing noise predominates.

In Figure 3.23, the fan-to-primary velocity ratio (Vf/Vp) is 2.27. At
this inverted-profile condition, the coannular jet exhibits a double-peaked
spectrum shape, where the second peak is the result of the turbulent mixing
noise generated in the outer or fan stream shear layer. The comparison
with the equivalent single jet noise spectrum is qualitatively identical to
similar comparisons seen in the previous studies (for example, ref. 6).

That is, the coannular jet is quieter than the equivalent single jet at middle
frequencies and noisier at the high frequencies. The physical reasons for
these effects have also been fully understood in the previous contract study

(ref. W).

In contrast, the comparison shown in Figure 3.24 refers to a case where
the coannular jet is operated at normal-velocity-profile conditions, the
value of Vf/Vp being 0.81. In this case, the coannular jet is no longer
quieter than the equivalent single jet in the middie frequency range. Again,
this is entirely consistent with previous observations (ref. 6) on the
noise characteristics of uninverted- or normal-velocity-profile coannular jets
under shock-free conditions.

3.3 OVERALL SOUND POWER LEVEL RESULTS

The polar sound pressure level results (lossless data) obtained from the
present experiments were used to compute the corresponding sound power
levels for all test points, using conventional procedures. The overall sound
power levels (OAPWL) for all coannular jet and equivalent single jet test
conditions were calculated by adding the one-third octave band sound power
levels,

The results from the entire test program are presented on a relative basis
in Figure 3.25, where the values of AOAPWL (defined as OAPWL for the coannular
jet minus OAPWL for the equivalent single jet) for each test series are
plotted against the fan-to-primary velocity ratio, V§/Vp. The figure is a
remarkable demonstration of the '"minimum noise condition'' in coannular jets.
For each test series, a condition exists at which the acoustic energy radiated
by the coannular jet, compared to that radiated from the equivalent single jet
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(at identical thrust, mass flow rate and exit area), attains a minimum value.
Also shown in Figure 3.25 are vertical arrows which indicate the values of
V§/Vp for each test series where the primary stream Mach number M, is approx-
imately 1.0. These values of Vf/Vp agree remarkably well with the minimum
points in the AOAPWL curves. Therefore, it can be concluded that the re-
duction in the total acoustic power of a coannular jet due to the elimination
(or reduction) of the shock associated noise component is maximum when the
primary flow is slightly supersonic. Furthermore, unlike the reduction of
jet mixing noise froma coannular jet, which occurs only at inverted-velocity-
profile conditions, velocity ratio (Vf/Vp) is not an important parameter in
the elimination or reduction of shock associated noise from a coannular jet.
The shock associated noise reduction can be achieved at normal- as well as
inverted-velocity-profile conditions, provided Mp is maintained greater than
approximately 1.0.

3.4 PERCEIVED NOISE LEVEIL RESULTS

The model-scale acoustic data presented above were finally transformed to
typical full-scale conditions using standard scaling procedures for jet
noise. A scale factor of twenty was used for this purpose, and this resulted
into an equivalent nozzle diameter of 1.32 meters for the larger-scale con-
figuration. The lossless larger-scale data were then subjected to atmospheric
attenuation corrections for standard FAA day (25° C, 70% relative humidity),
and static perceived noise levels (PNL's) in PNdB were calculated for several
sideline distances including 305 m (1000 ft) and 649 m (2128 ft).

As in the case of the overall sound power level results, the (static)
peak PNL values for the coannular jet and the equivalent single jet were
used to calculate the difference between the two (called APEAK PNL) at all
test conditions. The variation of APEAK PNL with fan-to-primary velocity
ratio (Vf/Vp) for each test series is shown in Figures 3.26 and 3.27 for the
two sideline distances of 305 m and 649 m, respectively. The results are
quite similar to the AOAPWL plot of Figure 3.25, and hence, the same obser-
vations and conclusions made earlier in Section 3.3 apply here as well.
Briefly speaking, at both sideline distances considered here, the (static)
peak PNL's from the coannular jet, relative to the peak PNL's of the equiva-
lent single jet, reach a minimum value when the primary stream of the co-
annular jet is operated just above Mp=1. This minimum noise condition is
a direct result of the reduction (or elimination) of shock associated noise
from coannular jets, and depending upon the test series, it occurs at
inverted- as well as normal-velocity-profile conditions.
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4, MINIMUM SHOCK ASSOCIATED NOISE CONDITION

So far in this report, experimental results on coannular jet noise have
been presented which show that for a fixed supersonic fan stream Mach number,
the shock associated noise drops suddenly to a minimum as the reservoir
pressure of the primary jet increases. When this happens, the almost periodic
shock cell structure of the fan stream is found to nearly completely disappear.
In the present section, an analytical model of this phenomenon is constructed
and studied. It is theoretically established that this sudden change in the
shock structure and hence the decrease in shock associated noise would occur
when the primary jet flow is just slightly supersonic regardless of the Mach
number and temperature of the fan stream.

4.1 INTRODUCTION

In recent years it is generally recognized that shock associated noise
is an important noise component of imperfectly expanded supersonic jets. This
noise component possesses certain special characteristics which make it
distinctly different from jet mixing noise. Experimentally, shock associated
noise has been found to be fairly omnidirectional. It can, therefore, be
easily observable in the forward arc where jet mixing noise is less pre-
dominant. Although shock associated noise is broadband in nature, it's band-
width is relatively narrow in comparison with jet mixing noise. Within its
somewhat narrow bandwidth the spectrum is dominated by a characteristic peak.
[t is quite well established that in the case of a single imperfectly expanded
supersonic jet (refs. 7, 8 and 9) the frequency of this spectral peak bears
a simple relationship to the direction of radiation. This simple relationship
led to the recognition that the sources of shock associated noise could be
spatially coherent over several shock cells. Presently, we believe that shock
associated noise is generated by the weak interaction between the downstream
propagating large scale turbulent structures in the mixing layer of the jet
and the periodic shock cell system. The noise is a form of Mach wave radiation
produced by the supersonic phase components of the coherent shock-turbulence
interaction. It is important to emphasize here that the periodicity of the
shock cells is crucial to the generation of these supersonic phase components.
If the periodicity of the shock cell structure is destroyed then constructive
interference of the noise sources would be prevented. This, in turn, will
result in the elimination of the supersonic source components and hence the
observed shock associated noise.
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The flow field and shock structure of an inverted-profile jet could be
very complicated depending on the geometry of the nozzle exit and the primary
nozzle lip thickness. To avoid havirg to consider this complex flow field
which is highly sensitive to the particular nozzle design, this investigation
will be confined to inverted-profile coannular jets with nozzle exit velocity
aligned in the direction of the jet axis. Further, the primary nozzle lip
is to be very thin compared to the thickness of the fan stream or the primary
Jjet radius. Figure 2.1 shows the configuration of the coannular nozzle used
throughout the experimental program of this study. To obtain an understanding
of the shock structure in an inverted-profile coannular jet, extensive
Schlieren observations were made. These results have previously been reported
(ref. 4). Three series of optical measurements were conducted. In each
test series the fan (or outer) stream pressure ratio (€f), the fan stream
total temperature (Tyf), and the primary stream total temperature (Ttp) were
kept constant. The primary stream pressure ratio (£,) was varied over an
extensive range. Figure 1.1 illustrates the change in the shock structure as
the primary flow Mach number increases. At subsonic primary flow Mach number,
a repetitive shock cell system exists in the outer fan stream. As the Mach
number increases there is a aradual increase in the length of the shock cells
until the primary flow becomes supersonic. At a slightly supersonic Mach
number an abrupt change takes place, resulting in the more or less complete
disappearance of the shock cells in the fan stream. Further increase in the
primary flow Mach number gives rise to the development of a new shock system
principally in the primary stream. The strength of this new shock structure
seems to increase with further increase in the primary stream pressure ratio.

The optical observations described above clearly indicate that the shock
associated noise of an inverted-profile coannular jet can be generated by
shock-turbulence interaction with the shock cells either in the fan stream or
in the primary stream, depending on the primary flow Mach number. Since the
shock structures are very different in these two cases, the shock associated
noise characteristics will, therefore, be very different. The experimentally
observed noise characteristics and the theoretical development of formulae
for peak frequency and intensity scaling will be reported in Section 5 of this
report. When the primary flow is just slightly supersonic, the Schlieren
pictures reveal that the periodic shock structure is the weakest. Thus, as
shown in Section 3, the shock associated noise of an inverted-profile jet
attains a minimum at this operating condition. The objectives of this section
are to provide a theoretical basis for this phenomenon and to demonstrate
using experimental results that the shock associated noise, indeed, is a minimum
at this condition. It will be shown that this is true regardless of the fan
stream Mach number, temperature and all other operating parameters. The
extent of noise reduction by operating a jet at this minimum shock associated
noise condition will be briefly investigated. Relationship between the pre-
sent results and other works on this phenomenon using more complicated nozzle
geometry will be discussed at the end of this section.
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4,2 CONDITION FOR MINIMUM SHOCK ASSOCIATED NOISE

We will now investigate the conditions under which the periodic shock
structure in the outer fan stream would disappear. For this purpose we will
assume that the thickness of the fan stream is small compared with the radius
of the primary jet so that the flow in the fan stream can effectively be
considered two-dimensional as shown in Figure 4.1(a). To simplify the model,
the flow in the fan and primary streams will be regarded as uniform, separated
and bounded by vortex sheets. In order that periodic shock cells can exist
in the fan stream, the flow there must be supersonic. However, the flow in
the primary stream can be either subsonic or supersonic. These two cases will
be analyzed separately below. Now the question of whether periodic shock cells
would disappear in the fan stream is the same mathematically as under what
condition can the fan stream support a solution of the governing equations of
motion which is periodic in the mean flow direction. |If no such solution is
possible then periodic shock cells would unlikely be found. |In other words
the present problem is one involving the search for possible eigenfunctions
which are periodic in the flow direction. Here, we will first formulate and
then solve this eigenvalue problem. |In the next subsection, the predicted
results of the solution will be compared with experimental results.

4.2,1 Subsonic Primary Flow (Mp <1)

Let Mg and M, denote the flow Mach numbers of the fan and the primary
streams, respectively, as shown in Figure 4.1(a). The thickness of the fan
stream will be taken to be d. We will first consider the possible existence
of a weak shock system in the fan stream in the case Mf>1 and Mp<1. Such a
shock structure can to a first approximation be represented by a linear
solution of the equations of motion. The equations of motion are the time
independent continuity, momentum and energy equations. We will use (u,v) to
denote the velocity components associated with the periodic shock cell solution
in the x and y directions, and p and p to denote the corresponding change in
pressure and density. To avoid confusion, subscripts f and p will be used
to designate physical quantities which are in the fan and the primary stream,
respectively. The formation of a periodic shock structure will inevitably
cause a periodic displacement of the top and bottom vortex sheets bounding
the fan stream. These displacements will be denoted by z(x) and n(x) as
indicated in Figure 4.1(b).

The linearized governing equations are:

0 <y <d:
- , - g \
pp Ve Vo +u. =0 (4-1)
Y
pf U'F W = -fo (4-2)
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Pe = 3 Py
y < 0:
- Bpp
Ve V. + U0 — =
®p Yp T Tox 0
__ dv
Uu — ==
°p Tp Tx VPP
= a 2
= 3 P
pP p p
where the mean flow quantities are indicated by a bar and éf and
cneade Af coind itn fha Fanm AanAd tha Arimary c+raam Tha kAt Ao =,
QPETUD U 2w uUlIu i Liic iatl aild wiic primnail 'y a2LICAlll. e pouliutdgd Y
y = 0 and y = d are the continuity of pressure and vortex sheet d
namely,
at y = 0: pp = Ps
- an _
r e T Vs
- 9n _
“pax ~ Yp
at y = d: Pe = 0

a
o
i

p
o]
S

(4-3)

(4-4)

(4-5)

(4-6)

are the

at
Uiy v v
placements,

AT+t
nuigecelt

(4-7)

(4-8)

(4-9)

(4-10)

In addition, far away from the fan stream it is expected that the disturbances

associated with the shock structure be bounded.

y > - @ solut

b

Thus

ion must be bounded.

(b-11)

By eliminating all the other variables in favor of pressure p, the above

problem can be greatly simplified

0 <y d:

<

szf

-(M
3y2

2 ])

mathematically to

32pf

0
ax?2

(4-12)
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32p 32p
— PN 2) P - o (4-13)
dy2 ax2
aty =0 PF = Pp (h-14)
1 Pe g %P
2 3y o2 9y (4-15)
Mf Mp
at y = d: pe =0 (L-16)
y > - Py is bounded (4-17)

In derIV|ng equation (4-15) the condition of static pressure balance, i. e.,
of afz 2, has been used. Without loss of generality we will look for
periodic sglutlon of (4-12) to (4-17) in the form

pe (X, y) = Re [pc (y) e ]
(4-18)
~ ikx
(x, y) = Re [p_ (y) e
Py Y Py (¥ ]
where Re [ ] denotes '"the real part of.'" In (4-18) k is as yet an unknown

constant to be determined later. Substitution of (4-18) into equations (L4-12)
to (4-16) leads to the following eigenvalue problem.

£+ k2 M2 - 1) pe =0 (4-19)
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d®p, .
- k2 (1 - Mpz) Pp =0 (4-20)
d 2
Y
at y =0
dpg dp
‘2 - 12 d;’ (4-22)
M.F Mp
at y = d
Pe = 0 (4-23)
The solution of (4-19) which satisfies (4-23) is
ﬁf =Asin (kv M2 -1 (d-y)). (4-2L4)
The solution of (L-20) which is bounded as y > - = is
5p =B exp (k vV 1 - Mpz'y) ; Re (k) > 0- (4-25)

Straightforward substitution of (4-24) and (4-25) into (4-21) and (4-22)
yields two linear homogeneous algebraic equations for A and B. The condition
for non-trivial solution gives the following eigenvalue equation

M 2 M2 - 1
tan ( Mfz -1 kd) = - P f . (4-=26)

2 - 2
Mf 1 Mp

61



There are infinitely many solutions to (4-26). They are

. - Mp? M2 - 1
ky = — {(Zn - 1) 7 - tan”! [ p2 f > ]} (4-27)
/R M2 1 My

where n =1, 2, 3, .......

Corresponding to each value of k in (4-27) is a distinct eigenfunction of a
form given by (4-24) and (4-25). The significance of these eigenfunctionsis
that any periodic solution in the fan stream can be constructed by using a
linear combination of them. Thus we may conclude that if the flow in the
primary stream is subsonic, it is possible to have aperiodic shock cell struc-
ture in the fan stream. The length of the shock cells, L, is equal to the
longest wave length of the eigenfunctions, that is,

21 V' Mg2 -1

= . (4-28)

This result will be compared with experimental results later.

4,2.2 Supersonic Primary Flow (Mp > 1)

When the primary flow is supersonic, i.e. My > 1, equations (4-19) to
(4-23) are still valid. The solution of (4-19) which satisfies (4-23) is still
given by (4-24). However the solution of (4-20) which is bounded and satisfies
the outgoing wave condition is

p

Py=0exp [ik V42 -1yl Im(k) <o. (4-29)

By substitution of (4-24) and (4-29) into boundary conditions (4-21) and (4-22)
one finds that the eigenvalue equation for k is .

M2 - 1 M_2
f p
. (4-30)
M Z - M2
p

tan ( V Mg2 -1 kd) =i
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The roots of (4-30) are either purely imaginary or complex. There is no real
value of k which satisfies this equation. When k is complex or purely
imaginary, solution (4-18) will decay exponentially in the flow direction.
Therefore, in this case spatially periodic solutions are not possible. In
other words, when the primary stream is supersonic, periodic shock cells can-
not be maintained in the fan stream.

L.2.3 A Physical Explanation

The simple model described above indicates clearly that a drastic
change in the fan stream shock cell structure would take place when the pri-
mary stream increases its velocity from subsonic to supersonic. Physically,
this abrupt change in the shock cell system arises principally because a
subsonic flow cannot transmit flow discontinuities such as shocks and expansion
fans but a supersonic flow can. When the primary flow is subsonic, an incident
oblique shock in the supersonic fan stream is reflected as an expansion fan
with pressure Jump across the fan and the shock being equal as illustrated
in Figure 4.2. The expansion fan propagates upward. Upon reflection from the
upper shear layer another shock wave of the same strength is formed. This

process is repated over and over again spatially. In this way a periodic
shock cell structure is formed. On the other hand, if the primary stream is
supersonic, it can sustain flow discontinuities. In this case an incident

shock wave will be partly transmitted. The reflected expansion wave thus would
have a much smaller pressure jump across it than that across the incident
shock. This is shown schematically in Figure 4.3. Therefore, after one or

two reflections the shock becomes one of negligible strength. Because of this
a shock cell pattern of longer than one or two periods cannot be maintained.

In the case of coaxial jets, the primary jet is of finite radius. As a result
the transmitted waves will be reflected by the outer boundary of the jet on

the opposite side. But unless an extremely unusual situation occurs these
reflected waves will not fit the periodicity of the original trapped waves in
the fan stream (because of the difference in the radii of the coaxial streams).
Thus the amplitude of the periodic shock cells in the fan stream, again, must
decay in the axial direction just as depicted by the simple model above.

In summary, we see that when the primary flow stream Mach number is
slightly supersonic no periodic shock cell pattern can form in the outer fan
stream. Also, at just slightly supersonic Mach number, the shock cell
structure of the primary stream is extremely weak. Thus under this condition
the coherent interaction between turbulence  in the mixing layers of the jet
and the shock cell structure is most ineffective. As a result the corres-
ponding shock associated noise must be the least intense, as has been shown in
Section 3.

4.3 COMPARISON WITH SCHLIEREN OBSERVATIONS

The mathematical model of the periodic shock cell structure in the fan
stream developed in section 4.2 predicts the length of the shock cells as given
by equation (4-28). This theoretical result will now be compared with the
Schlieren observations of reference 4. The optical measurements were conducted
at three series of test conditions. In each series, the primary stream total
temperature (Ttp), the fan stream total temperature (th) and the fan stream
pressure ratio (£f) were kept constant, and the primary stream pressure ratio
(Ep) was varied over an extensive range. The values of these parameters in the
three test series are shown in Table 4.1.
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Table 4.1 Coannular jet test conditions in the optical
measurements (ref. 4)

Tep(K) Tee(K) £ £
Series 1 294 728 2.93 1.00 ~+  b.h9
Series 2 728 294 2.93 1.00 > 3.48
Series 3 728 978 2.37 1.00 >  3.53

In series 1, the fan flow is heated while the primary flow is unheated. In
series 2, it is the other way around. In series 3, both streams are heated.

The values of L/d for all the test points with subsonic primary flow
were measured from the Schlieren photographs given in reference 4. The sample
photographs shown earlier in Figure 1.1 refer to test series 2. The measured
values of L/d as a function of M, are plotted in Figures 4.4 and 4.5. The
theoretical curves of equation (8—28) are also shown. As can be seen there
is a very favorable agreement between the calculated and the measured results.
Considering the simplicity of the mathematical model, the degree of agreement
obtained must be regarded as quite impressive. Here the good agreement
found not only provides strong support for the validity of the model pre-
sented, but also suggests that a linear shock structure model does offer a
reasonable first estimate of the crucial features of a shock system. Of
course, one would expect more accurate agreement using an annular model
to derive the shock cell spacing. |In section 5, a linear shock cell model
will, therefore, again be used in our discussion of the characteristics of
shock associated noise of inverted-profile coannular jets.

4.4 DISCUSSION

Prior to the work of Tanna et al (ref. h),Dosanjh and his coworkers
(ref. 10) at the Syracuse University had conducted optical studies of cold
inverted-profile coaxial jets for several years. They reported the observation
of the phenomenon of 'sudden' disappearance of the shock structure in the fan
stream and the accompanied reduction in jet noise. They attributed the occur-
ence of this phenomenon to the formation of a complex shock structure slightly
downstream of the nozzle exit. However, exactly why such a shock structure
would form and in what way this structure eliminated the repetitive shock
pattern were not elaborated. A closer examination of their work reveals that
there are, at least, two major differences between their results and the
present findings. First of all, to obtain the minimum noise condition using
their nozzle configuration, the pressure ratio of the primary stream, Eps must
be set at a specific value which depends on the pressure ratio of the fan
stream, £f, whereas in the present experiments the optimum condition is simply
£4 =~ 1.9. Secondly, in the present investigation, the noise reduction is
brought about mainly by the elimination of shock associated noise. Thus the
observed noise reduction is effective only in the high frequency part of the
noise spectrum and in the forward arc region. The measurements of Dosanjh
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et al.,, on the other hand, indicate a uniform noise reduction across a very
broad frequency band and in nearly all directions. These distinct differences
clearly imply that the minimum noise condition of their jet was achieved by a
reduction not only in shock associated noise but in jet mixing noise as well.

What causes these profound differences? Ve believe that the basic
reason lies in the nozzle geometry. Unlike our nozzle configuration, Dosanjh
et al used an unusually thick lip primary nozzle (the thickness of the lip was
larger than the thickness of the fan stream). In addition, at their nozzle
exit the flow was not aligned in the direction of the jet axis. Instead the
fan stream impinged radially on the primary stream. This caused the develop-
ment of an extremely complex flow field and shock structure. The radial
impingement arrangement inevitably greatly increased violent turbulent mixing
and thus the basic jet noise. We speculate that under the optimum operating
condition of their jet, the inner and outer streams were able to mix some-
what more smoothly and that the outer part of the inner stream became super-
sonic and hence helped to eliminate the repetitive shock pattern in the fan
stream. This led to a reduction in mixing as well as shock associated noise
as was observed. Because of the strong radial flow we believe their findings
are not applicable to other nozzle designs and that the larger noise reduction
they found might simpiy be the consequence of their jet being noisier to start
with.

Subsequent works at the Syracuse University by Dosanjh et al. (refs. 11,
12 and 13) using cold and hot jets appeared to arrive at a somewhat different
criterion for the minimum noise condition. |In these later investigations
a new nozzle with a basic design similar to that of Figure 2.1 was used.
These authors carried out overall jet noise measurements under a fixed fan
stream operating pressure. The minimum noise condition was obtained by varying
the primary stream pressure ratio until the so called ''jet acoustic
efficiency," a term defined by them, was the smallest. When both the primary
and fan streams were unheated they found that the minimum noise condition
was achieved when £, =~ 2.02. This value is consistent with the present find-
ing but differs from that of reference 10. However, when the primary stream
was unheated and the fan stream was heated, they stated that they were unable
to observe a definitive minimum under their definition of minimum jet acoustic
efficiency. This appears to be somewhat misleading, for in Figure 3.9(b)
under the same conditions, our data clearly shows a distinct shock associated
noise minimum at a slightly supersonic primary jet Mach number.

To conclude, we want to emphasize that there are some major differences
between the results and conclusions of the present work and those of the
Syracuse University carried out over a number of years. The contributing
factors to these differences appear to be in the nozzle design, the definition
of minimum noise condition, and most importantly, the way by which the ob-
served phenomenon is interpreted and understood.

65



T

———
a Mg > 1 FAN STREAM
S——
— —_— S
o
—_—
—_— M PRIMARY STREAM
P
—_—
Figure 4.1 (a) Model of fan stream and primary

stream flow.

P |4

o +C _ //VORTEX jE
dif / §T;/\ / FAN STREAM
>

f’L\\/)_,Z__:_)_X
o X

n

—
Mp PRIMARY STREAM
—
Figure 4.1 (b) First order shock structure in the

fan stream.

66



P VORTEX SHEET

FAN STREAM

PRIMARY STREAM

Figure 4.2 Schematic diagram illustrating the reflection
of shocks and expansion fans in the fan stream

when the primary flow is subsonic. s = shock,
= expansion fan.

67



\/°

_

\
s s Mp > 1 PRIMARY STREAM
S

T

/
/ \ //// \\vf //F/AN STREAM
IRV v e VA

Schematic diagram illustrating the reflection
of shocks and expansion fans in the fan stream
when the primary flow is supersonic. s = shock,

e = expansion fan.

Figure 4.3

68



Qul

o ©

Figure 4.4

Length of shock cell in the fan streamn.

Mg =1.341, Data from NASA CR-158995.
® Test Series 1; x Test Series 2
Equation (4-28)

69



Qe

Figure 4.5 Length of shock cell in the fan stream.
Mg =1.182, Data from NASA CR-158995.
A Test Series 2
Equation (4-28)

70



5. SHOCK STRUCTURE AND NOISE CHARACTERISTICS

The basic objective of the work described in this section is to obtain
an understanding of the characteristics of shock associated noise from
inverted-profile coannular jets in terms of the properties of the shock cell
structure and the jet flow. To achieve this, a first order shock cell model
is developed. Based on the concept that shock associated noise is ge?erated
by the weak interaction between the large scale turbulent structures in the
mixing layers of the jet and the repetitive shock cell system, formulae for
the peak frequencies as well as noise intensity scaling are derlved.' The
calculated results of these formulae agree very favorably with experimental

results.

5.1 INTRODUCTION

In Section 4 some of the observed features of shock associated noise were
briefly discussed. It was pointed out that depending on the jet operating
conditions, a repetitive shock structure can exist either in the fan stream
or in the primary jet stream. The shock structure in these two cases can be
very different. Hence the characteristics of the noise generated by these
shock cell systems would also be very different. In the following, they will,
therefore, be investigated separately.

Shock associated noise is generated by sources which are coherent spatially
over several shock cell spacings. This was first recognized by Harper-Bourne
& Fisher (ref. 7) who studied the noise of choked jets. They proposed a
simple model consisting of an array of well correlated point sources to
describe the noise generation process. In a more recent paper, the present
authors (ref. 9) investigated the shock associated noise of imperfectly-
expanded supersonic jets from convergent-divergent nozzles. An alternative
noise generation mechanism, based on the proposition that this noise is pro-
duced by the weak interaction between the downstream propagating large scale
turbulent structures in the mixing lTayer of the jet and the periodic shock
structure in the jet plume, was suggested. A simple analytical model of this
noise generation process was developed from which a peak frequency formula
and a noise intensity scaling formula were derived. It turned out that these
formulae contained the theoretical results of Harper-Bourne & Fisher {ref. 7)
as a special case. Further, it was shown that these analytical results agreed
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very favorably with experimental results for underexpanded as we
expanded jet operating conditions, and for hot as well as cold

In this section the general approach and concept developed in reference
9 will be extended to the case of inverted-profile coannular jets. A first
order shock structure model for the inverted-velocity-profile jet will be
constructed. Based on this mathematical model, peak frequency formulae and
noise intensity scaling formulae are derived. The validity of these formulae
is tested by comparing the predicted results with measured results. It will
be shown that good agreement is found both for subsonic as well as supersonic
primary jet flow.

5.2 JETS WITH SUPERSONIC PRIMARY FLOW

The flow field near the nozzle exit of an inverted-profile jet is
strongly influenced by the nozzle configuration and the thickness of the
primary nozzle 1ip. The present work is confined to jets with negligibly
thin primary nozzle lip and with exit velocity vector aligned in the direction
of the jet axis. A schematic diagram of the nozzle configuration and the
flow is shown in Figure 5.1. The exact dimensions of the jet nozzle used in
the present experimental program can be found in Figure 2.1,

When the flow in the primary stream is supersonic a repetitive shock
structure would form principally in the primary stream. However, the influence
of this shock system would also extend into the fan stream. For a slightly
underexpanded jet the shock cells are formed by weak oblique shock waves. A
first order model of such a weak shock structure can be obtained by solving
the appropriate boundary value problem associated with the linearized equations
of motion. For a single jet this type of model had previously been considered
by Prandtl (ref. 14) and Pack (ref. 15), and has been found to be useful for
estimating the peak frequency and intensity of shock associated noise (ref.

9). Here we will extend these earlier works to the case of supersonic co-
annular jets.

5.2.1 A First Order Shock Structure Model

Consider the jet flow as shown in Figure 5.1. For simplicity we will
assume that the mean flow in each region is uniform and that the fan stream
and the primary stream are bounded and separated by vortex sheets. We will
use Mf and Mp to denote the Mach numbers in the fan and primary streams,
respectively. The inner and outer radii of the coannular jet are taken to
be a and b. The ambient pressure is denoted by p; and the pressure at the
exit of the primary nozzle is assumed to be py+ Ap. The time independent
linearized equations of motion governing the flow quantities of the shock
structure have been given in full in Section 4 and hence will not be repeated
here. In terms of the pressure perturbations in the fan and primary streams,
Pf and and Pp respectively, the boundary value problem for the shock cell
structure can be written out as,
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X > @ solution is bounded (5-10)

where (r,x,6) are the variables of a cylindrical coordinate system centered
at the nozzle exit as shown in Figure 5.1, Here the fan stream is assumed to
be perfectly expanded.

The solution of (5-1) to (5-10) can be constructed by the method of

eigenfunction expansion (ref. 16). Following this method we will first
assume that the solution can be represented by a linear combination of sep-
arable solutions. It is straightforward to find in this case that these

separable solutions are of the form,

Pe (r,x) ﬁf(r) cos kx (5-11)

Pp (r,x) = ﬁp(r) cos kx s



Substitution of (5~11) into (5-1) to (5-6) leads to the following eigenvalue

problem:

d2p dp
P .1 P+ k2 (M2 .
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dr?
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pp is bounded
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at r = a: 1 dﬁp o dBf
dr dr
2 2
Mp Mf
at r = b: ﬁf =0

where k is the eigenvalue.

The solution of (5-12) which satisfies (5-14) is

Pp = A Jdo (kK VM 2 -17r).

p

The solution of (5-13) which satisfies (5-17)and (5-15) is
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where J,(z) and Yo(z) are Bessel and Neumann functions of zeroth order,
respectlvely A |s an arbitrary constant. Substitution of (5-18) and (5 19)
into: (5 16) ‘leads to the Followung elgenvalue equations for k:

[JO (k /MeZ-12) Y, (k /MZ-1 b)
Jo (k/M2-1a) VmZ-1 M2 (k/Mf Tb) Yo (k /M1 a)]

— =] (5-20)
Jp (k /Mp2-1a) /M2 -1 M2 [J1 (k /Mf -1a) Yo (k /' Meg2-1b)
L-JO (k V' Mg2-1b) ¥, (k / Mg2- 1a)]
Equation (5-20) has infinitely many roots. In Appendix 3 it is shown that all
these roots are real. For convenience we will denote them as k;, i =1, 2, 3
..... and assume that they are arranged in an ascending order or magnitude. ‘A

discussion of the positions of these roots is given in Appendix 4. To compute
ki numerically one can make use of the limit (b-a)/ a << 1 which is the case
of a single jet to provide a starting value for_an iterative scheme. In this
limit which is discussed in reference 9, kj Mp2 -1 a 1is approximately equal
to the ith root of the zeroth order Bessel function. Corresponding to each
root k; of (5-20) is an eigenfunction given by (5-18) and (5-19). In Appendix
2 it is proved that these eigenfunctions form an orthogonal set. If (pfj, ﬁpi)
is the ith eigenfunction then the orthogonality condition is,

Me? - 1 Mp2 - 1
Pfi Pfj rdr + 7 Ppi Ppj rdr =0 ;i £ . (5-21)
a P o

Mg?

Vle will now make use of this orthogonality property of the eigenfunctions to
construct the shock cell solution to the boundary value problem of (5-1) to
(5-10). To do this we will let,

Pp (r,x) =iZ] A 5p; (r) cos (kjx) 5 r <

A
o]

(5-22)

1A
e
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o

pg (r, x) = 21 A; pf (r) cos (k;jx) 3 a
i= : :
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where A; are arbitrary constants. It is easy to see that as it is with the
exception of conditions (5-7) and (5-8), solution (5-22) satisfies the bound-
ary value problem of (5-1) to (5-10). Substitution of (5-22) into (5-7) and
(5-8) yields

~

Ai pg; () =0 5 asr<hb (5-23)

He~18

(5-24)

IA
QL

f~18

i ]Aippi (r) =8p;r

Equations (5-23) and (5-24) are to hold simultaneously in their respective
range of r. To find amplitude A;, multiply (5-23) by

Me2 -1
Pe (r) r
Mf2 J

and integrate over r from r=a to r=b. Also multiply (5-24) by
M2 -1

B -
2 PJ
Mo

(r) r

and integrate over r from r = 0 to r = a. The sum of these two equations,
after making use of the orthogonality condition (5-21), gives

Mp2 -1 | X
Ip fo) .
A_j = b a * (5'25)
Me2 - 1 ) My2 - 1
5 -
2 ey (r) rdr + e Ppj< (r) rdr
f a P o}

Thus the first order shock solution corresponding to a nozzle exit pressure
difference Ap is found. [t is given by (5-22) and (5-25).
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5.2.2 Peak Frequency and Noise Intensity Scaling Formulae

In reference 9 it was suggested that the shock associated noise is
generated by the weak but coherent interaction between the downstream pro-
pagating large scale turbulent structures in the mixing layer of the jet and
its repetitive shock cell system. For inverted profile coannular jets with
supersonic primary flows, a similar situation arises so that these jets
would also radiate intense shock associated noise. As was discussed in
reference 9 . the source of this type of noise radiation can be pictured as
a superposition of travelling waves. The noise is a form of Mach waves
produced by the supersonic phase velocity components. On following the
analysis of reference 9 and using the first order shock structure of
(5-22), it is easy to show that the frequency, fp, of the spectral peak of
shock associated noise is given approximately by

u
fp = ° (5'26)
%?- (1 - M. cos 8)

where u. is the convection velocity of the large scale turbulent structures,
k1 is the smallest eigenvalue of (5-20), 6 is the direction of noise rad-
iation and M. denotes uc/cy with c5 being the ambient speed of sound.
Equation (5-26) is formally the same as that of a single jet issued from a
convergent-divergent nozzle. The principal difference lies in what ky is and
its dependence on the flow configuration. In other words, the accuracy of
(5-26) reflects the accuracy of estimating the wave lTength of the shock cell
structure. Thus by comparing (5-26) with experiments, we are actually also
testing the validity of the first order shock structure developed above.

Now let us consider a series of experiments in which the outer fan stream
Mach number is kept constant while the Mach number of the primary stream, Mp,
increases gradually. As M, increases the intensity of shock associated noise,
I, also increases. Now to find the dependence of | on M_, we can follow
the argument presented in reference 9 and derive tha%

| « (Variation of noise source'strength
as measured from perfectly expanded
jet condition)?2. (5-27)

For weak shock-turbulence interaction it was pointed out in reference 9

that the turbulence can be considered more or less constant and the dominant
source strength variation comes from the change in the strength of shocks.
From the first order shock solutions of (5-22) we see that the change in the
strength of the shocks is affected by the change in Mp in a very complicated
way. The explicit dependence of this solution is shown in (5-22) and (5-25).
However, the change in Mp will also affect Ap through which the strength of
the shock is changed. Now regardless of the value of M, shown explicitly in
(5-22), (5-25), (5-18) and (5-19) the shock is of zero strength if Ap is zero.
Thus to the lowest order, the change in the shock strength measured from the
perfectly-expanded condition is proportional to the change in Ap of (5-25).
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oc —A-E_ . . . . N . v_ .
shock associated noise (pa) ' ' (5-28)

It was shown in reference 9  that for a convergent-divergent nozzlz of
design Mach number My, Ap/p, is proportional to (M2 - Mdz). Hence (5-28)
becomes P

! : o (M2 - mg?)? (5-29)
shock associated noise p d

For a choked nozzle, My is equal to unity. Thus for such a jet the intensity
of shock associated noise would vary as

! o (Mp2 -1)? (5-30)

shock associated noise

under a constant fan stream operating condition. The validity of scaling
formula (5-30) will be tested by comparing with experimental results below.

5.2.3 Comparison with Experiment

An extensive experimental study of shock associated noise from inverted-
profile coannular jets was conducted in this program. Full details are given
in Section 2, and the salient features are as follows: The experimental
program consisted of four series of tests. The coannular nozzle used in these
tests is shown in Figure 2.1. |In each series of tests all the basic jet para-
meters except the pressure ratio of the primary stream (£,) were held constant.
These parameters included the primary stream total temperature (T+,), the fan
stream total temperature (T¢f) and the fan stream pressure ratio ng). The
primary stream pressure ratio and hence the Mach number was increased by a
small increment at a time until the Mach number range of 0.52 to 1.56 was
covered during each test series. The values of the various jet operating
parameters in the experimental program are shown in Table 5.1.

Table 5.1 Coannular jet operating conditions in the acoustic experiments.

Tepl K) Tee (O K) £f £p
Series 1 300 800 3.0 1.2 > 4.0
Series 2 800 300 3.0 1.2 > 4.0
Series 3 600 800 3.0 1.2 > 4.0
Series L 300 800 k.3 1.2 - 4.0
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Eleven microphones were used to provide intensity and spectral data of the
total jet noise over the angular range from 20° to 120° relative to the jet
axis. To examine the shock associated noise component alone it is necessary
to subtract the contribution of jet mixing noise from these data. |In the
rear arc of the jet, turbulent mixing noise predominates. Hence in this
section, only those data measured in the forward arc of the jet where shock
associated noise is important will be analyzed in detail.

According to the first order shock structure model developed above, the
shock associated noise for supersonic primary flow will peak at a frequency,
fp, given approximately by equation (5-26). In the present inverted-velocity-
profile flow configuration, shock associated noise is considered to be gene-
rated principally by the weak interaction between the large scale turbulent
structures in the mixing layer separating the fan and primary streams and the
repetitive shock cell system of the primary stream. The mean velocity of the
mixing layer varies from u, (the primary stream velocity) to Gf (the fan stream
velocity) with an average velocity, g, equal to 0.5 (i,+Tf). In the absence
of extensive flow and turbulence measurements we will take uc, the convective
velocity of the large turbulent structures in equation (5-26), to be equal
to 0.7uy in analogy to that of a single jet. Thus (5-26) becomes

kqy u
1 “a
fp = (5-31)
21 (1 - My cos 6)

where ug = 0.5 (ug + up) and My = uz/cs.

To test the accuracy of (5-31) the calculated peak frequencies will now
be compared with experimental results. Figures 5.2 and 5.3 show the measured
noise spectra at M, = 1.28 and M, = 1.47 of test series 1. The noise spectra
at 8 = 90° and 6 = 120° are dominated by a single peak of relatively narrow
bandwidth which is one of the characteristics of shock associated noise. As
can be seen the calculated peak frequency values match quite closely with the
measured peak frequencies. The dependence of f, on the observation angle ©
is accurately predicted in both cases. Figures 5.4 through 5.9 are repres-
entative data taken from test series 2, 3 and 4. The calculated peak freq-
uencies of (5-31) are also shown. The agreement between measurements and
predictions is extremely good in all the cases. |In the four test series of
the present experimental program, the primary and fan stream temperatures
were varied from cold to hot and vice versa. The Mach number range covered
was quite extensive. |In all the test points examined, there is always a
favorable agreement between the calculated values of (5-31) and experimental
results. Based on this it is possible to state confidently that equation
(5-31) can indeed provide an accurate first estimate of the peak frequency
of shock associated noise from inverted~profile coannular jets with super-
sonic primary flow.
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The variation of the measured noise intensity at 9 = 120° for each test
series as a function of the primary flow Mach number was studied in Section
3 (see Figures 3.5 to 3.8). These noise intensity curves drop to
a minimum at a slightly supersonic primary flow Mach number. It was pointed
out there that at this minimum noise condition the noise is essentially turb-
ulent mixing noise alone. As the primary flow Mach number increases there is
a rapid rise in the noise intensity. This rapid increase in noise level
over a relatively small Mach number range is the result of the large contrib-
ution of shock associated noise. Thus as a first estimate of the shock
associated noise intensity, we will assume that the turbulent mixing noise is
fairly constant relative to shock noise and is equal to the noise intensity
at the minimum noise condition of each test series. That is,

! . X = 1 - | . .
shock associated noise measured turbulent mixing noise

-1 .. . .
measured measured at minimum noise condition (5-32)

By means of (5-32) the shock associated noise intensity as a function of
primary flow Mach number can be calculated. These values can now be used to
test the accuracy of the shock associated noise intensity scaling formula
(5-30). Figures 5.10, 5.11, 5.12 and 5.13 show the intensity of shock assoc-

jated noise (computed according to equation (5-32))as 8 = VM 2 - 1 varies for
each test series. The solid straight line in each of these figures represents
the expected noise intensity as given by formula (5-30). It is evident from

these figures that the agreement between measured data and (5-30) is quite
good. By comparing the four figures it is easy to see that the proportion-
ality factor of (5-30) is not a universal constant. Test series 1 and 3 have
the same fan stream Mach number, fan stream total temperature and similar
primary stream total temperature. The proportionality constants are pract-
ically equal in these two cases. Test series 2, on the other hand, has a
normal instead of an inverted temperature profile. Although the fan stream
Mach number is the same as in test series 1 and 3, the shock associated noise
intensity is less. This reflects the fact that the large scale turbulent
structures in the jet mixing layer are influenced by the velocity and temp-
erature gradients of the shear layer.

5.3 JETS WITH SUBSONIC PRIMARY FLOW

When the primary flow is subsonic, a repetitive shock cell structure can
exist in the supersonic fan stream. Although the gross features of the shock
cells such as the length of each cell are controlled by the mean velocity
profile, the strength of the shocks and other details are very much influenced
by the nozzle design. |If the fan stream nozzle exit is recessed back relative
to the primary nozzle, then the ratio of the length of this recess to the fan
stream nozzle height (annulus) is an important parameter in determining the
internal structure of the shock cells. In addition, the thickness of the
primary nozzle lip does exert an important influence on the flow field in its
vicinity and hence the repetitive shock system downstream. Through their
influence on the shock cell system, all these factors are, therefore, important
in the subseguent generation of ‘shock associated noise. The nozzle used in
the present experimental work (see Figure 2.1) has a very thin primary nozzle
lip but a rather large recess ratio of 2.23. Thus the measured data would
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in some aspects be reflecting the nozzle configuration and the particular
recess ratio used. The basic objective of this investigation is to obtain an
understanding of the shock associated noise of inverted-profile coannular jets
that are not too dependent on the particular nozzle configuration. It is
beyond the scope of this work to study the influence of the primary nozzle lip
thickness, fan stream nozzle recess ratio and other nozzle configuration
variables on shock associated noise. We will confine our investigation only
to the effects of the flow variables such as the fan and primary stream Mach
numbers and the speed of sound, etc.

5.3.1 A First Order Shock Structure Model

The strength of the shock cell system in the fan stream is obviously
controlled by the mismatch of pressure at the nozzle exit and the ambient
pressure and other configuration details of the coannular nozzle. Beyond
the primary nozzle exit (see Figure 2.1), the spacings of shock cells are,
however, completely determined by the jet flow. Within the restricted ob-
jective of this work as stated above, we will now develop a first order shock
structure model to estimate the size of the shock cells as a function of the
flow parameters. This information will be used later to determine the peak
frequencies of the shock associated noise.

Consider the flow configuration as shown in Figure 5.14. Because the
flow in the primary jet is subsonic, the influence of the shock structure in
the supersonic fan stream will extend upstream into the primary nozzle. In
terms of pressure perturbations in the fan stream, pf, and the primary stream,

Pps the boundary value problem for the first order shock structure is,
r<a; -o < x < o
32p ap 32p
P
1 P o) —2 -0 (5-33)
ar? r r ax?
a<r<b ;x>0
32p ap 32p
f f f
F L (ME2 - 1) =0 (5-34)
or? r r ax2
r = b: Pe = 0 (5-35)
r=a; x>0
Pe = Pp (5-36)
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- o (5-37)
2 or 2 ar
Mf Mp
as x » o Pp is bounded (5-38)
at x = 0: P = Op (5-39)
3ps as rsb
—5';(— =0 (5—’40)
F=0: Pp is bounded ]
r=a, x <0 °Pp J (5-41)
—_— = O
or

As before this boundary value problem can be solved by the method of eigen-
function expansion. However, because of the upstream influence inside the
primary nozzle, two sets of eigenfunction expansion are necessary, one for

x > 0 and the other for x < 0. For x ¢ 0, it is straightforward to show that
the appropriate expansion which satisfies (5-33), (5-38) and (5-41) is

r < a:

Cm Jo (M gﬁexp { (5-42)

where Hoare the zeros of the first order Bessel function and C; is a set of
arbitrary constants. For x > 0, the appropriate eigenfunction expansion can
be found by using separable solutions as in section 5.2. Let

Ps (r, x) Re [ﬁf (r) cos kx]

(5-43)

Pp (r, x) Re [5p (r) cos kx]

where k is an arbitrary constant and Re [ ] = real part of. Substitution of
(5-43) into (5-33) to (5-37) leads to the following eigenvalue problem:

d2p dp
f 2 2 _ ~ _
7+ k (Mf 1) pe =0 (5-44)

1
+ —
dr 2 r
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d2p dp
PLl_P_ w2 (1-M2)5 = -
= *o o - k2O My ) pp =0 (5-45)
r = b: Sf =0 ' (5-46)
[ Bf = ap (5‘h7)
| R R
r = a: dp 1 dp
i el (5-48)
Mfz Mp2
The general solution of (5-44) which satisfies (5-46) is
lo (k1 =M% a) [Jg(k MeZ =1 r) Y (k M2 -1b)
p. =D (5-49)

p
f [ Jg(k Me2 = 1 a) Yok M2 - 1 b)

- Jo (k / MgZ - 1b) Yo (k VM2 -1 )]
- Jo (k V' Mg2 = 1 b) Yo (k V' MgZ - 1 a) ]

The general solution of (5-45) which is bounded at r = 0 and satisfies (5-47)
is

p_ =D I

o o (kK V1 - M7 r) (5-50)

where l4(z) is the zeroth order modified Bessel function. To satisfy the
last condition of the eigenvalue problem (5-48), the eigenvalue k must be a
root of the following equation:

I (k V' 1-M.2 a) ///MFZ— T M2
1, (k /1 - My% a)

1

- M_2 2
1 Mp Mg

J

o (k Me2-1a) Yo (k Mg2-1b) - Jo (k Mg2-1b) Yo (k Mp2-1a)

31 (k MeZ 1) Yo (k McZ-1b) - J_ (k MeZ-1b) ¥, (k M2 - 1a)

(5-51)
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The roots of (5-51) are either real or purely imaginary. This can be shown
by noting that equation (A3-1) of Appendix 3 is also applicable to the
present problem. Since Mp2 is less than unity, the right hand side of (A3-1)
is either positive or negative. k being the square root of the right hand
side must, therefore, be either real or purely imaginary. The real roots
represent periodic solutions in the flow direction. These are solutions of
special interest to the shock associated noise problem. A discussion of the
locations of these roots is given in Appendix 4. |If k is purely imaginary
(5-43) will give unbounded solution as x - «. These roots are to be discarded.
Corresponding to each real root of (5-51) the eigenfunction (pfj, ﬁpi) is
given in the form of (5-49) and (5-50) so that the full solution for x > 0 is

pe (r, x) = D; pg; (r) cos (ki x) (5-52)

|
lo~18

pp (r, x) = D; ppi (r) cos (k; x) (5-53)

Il e~18

where D; (i =1, 2, 3 ...) are arbitrary constants. The last step in finding
the first order shock structure solution is to impose the boundary and joining
conditions on (5-42), (5-52) and (5-53) at x = 0. Here, however, we will not
pursue this point any further as the fan nozzle exit geometry used in our
experiment is quite different from the simple mode! of Figure 5.14. The
difference will manifest itself in the values of Cp and Dp of (5-42), (5-52)
and (5-53) only. It will not affect the eigenfunctions (pf; (r) cos kj x,

ppi (r) cos kj x). We will not make use of these coefficients to study the
effect of Mach number on the intensity of shock associated noise.

5.3.2 Peak Frequency Formulae

In reference 9 it was shown that for a supersonic jet from a convergent-
divergent nozzle, the shock associated noise was concentrated around a single
peak. This noise was generated by the interaction of downstream propagating
large scale turbulent structures and the lowest mode of periodic shock cell
solution. It was found that the higher order modes could also give rise to
supersonic source component and hence shock associated noise. However, for
the single jet case the amplitudes of higher order modes were so much smaller
than the fundamental that their associated noise would be difficult to
observe. For the inverted-profile coannular jet, the amplitudes D;j in (5-52)
of the various periodic modes are highly dependent on the nozzle configuration.
Schlieren photographs of the jet flow taken in an earlier experiment (ref. 4)
clearly indicated that a highly complicated internal structure existed inside
the basic shock pattern. This strongly suggested that, at least, several
higher order modes were present in the fan stream shock cell structure. Thus
the resulting shock associated noise spectrum might not consist of just the
usual single characteristic peak. Instead it could be dominated by a sequence
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of peaks with overlapping half-widths.

To estimate these peak frequencies, one can simply make use of the first
order shock cell solution given by equation (5-52). By following the analy-
sis of reference 9 it is straightforward to find that the ith peak freq-
uency is given approximately by

uc kj
pi = 2w (1 - M. cos 6) (5-54)

where k; is the ith smallest real root of the eigenvalue equation (5-51).
The quantity ue. is the convection velocity of the large scale turbulent
structures in the outer fan stream mixing layer. According to the single
jet turbulence data uc is nearly equal to 0.7 uf where uf is the fan stream

velocity. Incorporating this into (5-54) one finds
0.7 ug k;
foi = 77 (1 - 0.7 Mg cos 6) (5-55)

(Gi=1, 2

To compare (5-55) with measurements, the values of k;j have to be found by
solving (5-51) numerically. It turns out that this can be accomplished relat-
ively easily by using an iterative root finding procedure such as Newton's
method. As first guess values, the wave numbers given by formula (4-27) of
Section 4 have been found to be extremely helpful.

5.3.3 Comparison with Experiment

We will now compare the calculated peak frequencies of (5-55) with
experimental data. Figures 5.15 and 5.16 show the measured noise spectra at
two experimental conditions of test series 1 (see Table 5.1). In Figure
5.15 with Mp = 0.52, the spectrum clearly exhibits twin peaks at both 6 = 90°
and 6 = 120°. The calculated peak frequencies corresponding to the first two
shock cell modes are also shown. As can be seen, there is good agreement between
calculated results and measured peak frequencies. Figure 5.16 shows similar
results at a high subsonic primary flow Mach number of 0.90. In this case
the upper frequency limit of the measured spectrum at 6= 60° is high enough
to include the peak frequency of the noise generated by the first shock cell
mode. At 6 = 120° the calculated peak frequencies of the first four modes
are included. The data shows two well defined peaks near the first two
calculated peak values. For the third and fourth peaks, the measured data
points are too far apart to establish whether these peaks do exist or not.
That is, the spectral analysis in one-third octave bands does not provide
adequate resolution, and narrowband frequency analysis is required to
distinguish these peaks.
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Figures 5.17 to 5.22 show similar data for test series 2, 3 and 4. A
closer examination of all the data (including those not given in this report)
and calculated peak frequency values reveals that the shock associated noise
consists of at least two or.more peaks. Strong indications are found in test
series 2 that as many as four to five modes are contrlbutlng 'to the far fle]d

shock associated noise. The lack of resolution in the data, however, pro-

hibits a clear identification of the higher order modes. When the peak
frequencies are sufficiently close to each other the overlapping of contri-
butions from adjacent modes causes the spectrum to Took like a smooth
continuous curve with occasional irregularities. Great care must, therefore,
be exercised in interpreting the high frequency end of the shock associated
noise spectra.

In formula (5-55) the value of k. is not a function of the fan stream
Mach number (Mf) alone. As can be seen in (5-51) it depends on the primary
flow Mach number (Mp) also. To illustrate this dependence, we will examine
the noise spectra at 6 = 120° for different values of My but at a constant
Mf. Figures 5.23 to 5.26 give the measured spectra and calculated peak
frequencies for the four test series. It is easy to see that as the primary
flow Mach number increases the measured as well as the calculated peak
frequencies decrease. The change in the lTowest peak frequency is the largest
and is most noticeable in the test series 3 data. The decrease in the
observed peak frequency when M, increases from 0.52 to 0.96 is as large as
one-third of the original peak frequency value. This is reproduced by the
calculated results, although the calculated results appear to somewhat over-
predict the change in peak frequency with changing Mp in some other cases.

The intensity of shock associated noise, |, does not appear to be much
influenced by the subsonic primary flow Mach number. This can be seen from
Figures 3.5 to 3.8 of Section 3. |In each of these figures the measured
noise intensity is practically constant over the range Mp < 1. Thus | is a
function of the fan stream Mach number, Mg, alone. By following the argu-
ments of section 5.2, it is straightforward to derive the scaling formula

« (Mf2 - Mdz)2 where My is the fan stream nozzle design Mach number. Here
we will, however, not pursue this point further as there are not enough
data points to verify this formula.

To sum up, an exceedingly favorable overall agreement is found when
comparing all the spectral data, including those not shown in this report,
with equation (5-55). The dependence of fpi in (5-55) on the variables 6,
Mf and Mp are all confirmed by experimental results. The good agreement
between theory and experiment obtained here provides further validation of
the shock associated noise generation mechanism proposed in reference 9.
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Figure 5.2 Noigse spectra at Mp=1.28: Series 1.
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Figure 5.4 Noise spectra at Mp=1.19: Series 2.
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Figure 5.6 Noise spectra at Mp=1.19: Series 3.
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Figure 5.15 Noise spectra at Mp=0.52: Series 1.
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6. CONCLUSIONS

The research. activity associated with coaxial or coannular jet noise has
intensified in recent years as a result of the NASA-Lewis funded programs on
model duct-burning turbofan engine noise measurements, in which it has been
observed that coannular jets with "inverted' velocity profiles provide signi-
ficant noise reductions. To obtain a fundamental understanding of the noise
reduction mechanisms in coannular jets, Lockheed-Georgia first conducted a
one-year contract study for NASA-Langley in which the major emphasis was
placed on shock-free jet operating conditions. As a result of this effort,
the changes in turbulent jet mixing noise characteristics in inverted-profile
coannular jets, relative to the fully-mixed equivalent single jet (defined
as having the same thrust, mass flow rate, and exit area as the coannular
jet), have been largely quantified and understood.

In the same Lockheed study, extensive optical measurements were also
conducted to observe the variation of shock structure in coannular jets as
a function of fan (or outer) and primary (or inner) stream pressure ratio
combinations. These optical measurements indicated that for a fixed super-
critical fan pressure ratio, the shock structure of the outer flow undergoes
a sudden change when the primary pressure ratio becomes just supercritical.
Although similar observations were also reported by Dosanjh and his co-
workers at Syracuse University, any noise benefit which might be associated
with these ''sudden'' changes in the shock structure was neither quantified
nor understood prior to the present program. One of the primary requirements
of the work described in this report was to obtain systematic acoustic data
to support the postulation, based on the optical measurements mentioned above,
that the broadband shock associated noise from coannular jets may be greatly
reduced at and near the conditions at which this sudden change in the fan
flow shock structure occurs. |In addition, it was necessary to obtain a
fundamental understanding of the associated phenomena, so that the noise
benefit of coannular jets at supersonic conditions can be scientifically
optimized.

The overall objective of the present investigation, therefore, was to
quantify and obtain a physical understanding of the noise reduction mech-
anisms in supersonic inverted-velocity-profile coannular jets, with emphasis
on the shock associated noise reduction.

A summary of the work conducted to achieve this objective and the main
conclusions are given below.

Experimental Work

The noise characteristics of coannular jets operated at supercritical
pressure ratios have been measured in the Lockheed anechoic facility using
a ''primary-extended' coannular nozzle configuration of fan-to-primary area
ratio Af/Ap==0.747 and equivalent nozzle diameter Deq=6.6 cm. Four series
of acoustic measurements were conducted. Within each test series, the fan
stream pressure ratio and the total temperatures of the primary and fan
flows were kept fixed, while the primary stream pressure ratio was varied
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from 1.2 to 4.0. For all coannular jet test conditions, corresponding
acoustic measurements for the equivalent single jet were also obtained so
that the noise characteristics from the two types of jet can be compared
directly. The total experimental program covered a wide range of fully-
expanded fan-to-primary velocity ratios (Vf/V ) from 0.55 to 4.27. The
fully-expanded equivalent jet velocity was varxed from 380 to 650 m/s.

.The results from the acoustic experiments have been analyzed (1) to show
the variation of coannular jet noise levels with primary stream Mach number,
and (2) to quantify the noise reductions in terms of the differences in noise
levels between the coannular jet and the equivalent single jet.

In the forward arc of the jet, where shock associated noise predominates,
the acoustic results have conclusively proven the hypothesis, made at the
beginning of this program and based on earlier optical measurements, that
the shock associated noise from the fan stream of a coannular jet is indeed
virtually eliminated (or at least minimized) when the primary flow is operated
at a Mach number (Mp) just above unity. Furthermore, this '"optimum'' con-
dition occurs at all values of (supercritical) fan stream pressure ratio and
primary and fan flow total temperatures considered in the present experiments.
At this optimum condition, the coannular jet provides the maximum noise
reduction relative to the equivalent single jet. Since shock noise is
practically eliminated at this condition, the actual magnitude of this
maximum noise reduction is simply governed by the basic jet mixing noise
level of the coannular jet when M, is slightly greater than 1.0.

The second most important finding from the acoustic experiments is that,
unlike the reduction of jet mixing noise from a coannular jet, which occurs
only at inverted-velocity-profile conditions, velocity ratio V¢/V, is not an
important parameter in the elimination or reduction of shock associated
noise from a coannular jet. The shock associated noise reduction can be
achieved at inverted- as well as normal-velocity-profile conditions, provided
the coannular jet is operated with the primary stream just slightly super-
sonic.

Theoretical Work

To understand the experimental results on shock associated noise
reduction from coannular jets at the '"optimum'' condition (when the almost
periodic shock cell structure of the fan stream nearly completely disappears),
an analytical model for the periodic shock cell structure has been con-
structed and studied first. 1t has been established that this abrupt change
in the shock structure, and hence the decrease in shock associated noise,
would occur when the primary jet flow is just slightly supersonic regardless
of the Mach number and temperature of the fan stream.

The simple model indicates that a drastic change in the fan stream shock
cell structure takes place when the primary stream increases its velocity
from subsonic to supersonic. Physically, this abrupt change in the shock
cell system arises principally because a subsonic flow cannot transmit flow
discontinuities such as shocks and expansion fans but a supersonic flow can.
Hence,when the primary stream Mach number is slightly supersonic, no
periodic shock cell pattern can form in the outer fan stream. Also, at Mach
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number just above one, the shock cell structure of the primary stream is
extremely weak. Thus under this condition, the coherent interaction between
the turbulence in the mixing layers of the jet and the periodic shock cell
system is most ineffective. As a result, the corresponding shock associated
noise is the least intense.

_In the second part of the theoretical work, a first order shock structure

model for the inverted-profile coannular jet has been developed. 'Based on

the concept that shock associated noise is generated by the weak interaction
between the downstream propagating large scale turbulence structures in the
mixing layers of the jet and the repetitive shock cell system, formulae for
the peak frequencies as well as noise intensity scaling have been derived.

The validity of these formulae was tested by comparing the predicted results
with measured results. Good agreement was found both for subsonic as well

as supersonic primary jet flows. :

When the primary flow is highly supersonic (M, >1), the shock structure
extends from the primary stream to the entire fan stream. The resulting
shock associated noise is generated mainly by the interaction of turbulence
and the shock cell structure in the primary stream, and it exhibits char~
acteristics which are similar to those of a single jet. The noise spectrum
consists mainly of a single characteristic peak. The noise intensity varies
approximately as (Mp2 - Md2)2, where My is the nozzle design Mach number. For
a choked nozzle, its intensity scales as (Mp2 - 1)2 under a fixed fan stream
operating condition.

When the primary flow is subsonic (Mp < 1), the shock structure exists
only in the fan stream. In this case, the primary flow Mach number does not
seem to have a significant influence on the radiated noise intensity. How-
ever, it does affect the values of the peak frequency of the noise spectrum.
Aside from the basic periodicity of the shock structure in the fan stream,
the shock cells tend to have a more complex internal structure. It is
believed that the formation of this internal structure is strongly influenced
by the geometrical configuration of the coannular nozzle design. Because
of this additional internal shock pattern the shock cell system can be
considered as made up of more than one periodic component. The shock assoc-
iated noise in this case, therefore, consists-of a sequence of spectral peaks.
At the high frequency end of the spectrum these peaks tend to merge together
to form a broadband spectral curve. The observation of this multi-peak
shock associated noise spectrum shape is new and does not seem to have been
reported by other investigators before. The measured frequencies of these
peaks agreed quite well with theoretical values calculated according to a
linear shock cell model.

Finally, the good agreement between theory and experiment obtained in
this work provides further validation of the shock associated noise gene-
ration mechanism proposed recently by the authors (ref. 9). In addition,
it strongly indicates that a linear shock cell model is useful not only for
correlating shock associated noise, but, perhaps, even in the development of
a comprehensive shock associated noise theory.
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APPENDIX 1
ACOUSTIC DATA

This appendix contains the acoustic data acquired under this contract.
To keep the appendix to a reasonable size, only one-sixth of the total data
generated from the experimental program are included. However, these data
have been carefully selected and organized such that for each test series,
the variation of the noise characteristics with primary stream Mach number
and observer angle can be systematically seen in sufficient detail.

A figure index describing the various plots (27 x 4 = 104 in all) is
given in Table Al.l. For each of the four test series, the results are given
for every other ‘test point. Also, out of the eleven values of observer angle
8 considered in the experimental program, the data in this appendix are pre-
sented at four values of 6, namely, (a) 6 = 30°, (b) 8 = 60°, (c) 6 = 90°,
and (d) 6 = 120°.

The results are plotted in the form of one-third octave band sound
pressure level spectra. The spectra are ''lossless' (i.e., with zero atmos-
pheric attenuation), and the levels are expressed for a common observer
distance of 100 equivalent nozzle diameters (R = 100 Deq) from the nozzle
exit plane.

Each plot shows a comparison between two spectra, the coannular jet
noise spectrum and the corresponding equivalent single jet noise spectrum.
The following symbols are used throughout the appendix:

O Coannular Jet

a Equivalent Single Jet
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Table Al.1

Figure index for acoustic data

Figure Test Test
Number Series Point ptf/pa th( K) tp( K) ptp/pa
Al.1 1 1 3.0 800 300 1.2
Al.2 3 1.6
Al.3 5 1.8
Al.4 7 2.0
Al.5 9 2.2
Al.6 11 2.7
Al.7 13 3.5
A1.8 2 15 3.0 300 800 1.2
Al.9 17 1.6
Al.10 19 1.8
Al. 11 21 2.0
Al.12 23 2.2
Al.13 25 Y 2.7
Al.14 3 29 3.0 800 600 1.2
Al.15 31 1.6
Al.16 33 1.8
Al.17 35 2.0
A1.18 37 2.2
Al1.19 39 * 2.7
Al1.20 4 3.5
Al.21 4 43 4.3 800 300 1.2
Al.22 45 1.6
Al.23 47 1.8
Al.24 49 2.0
Al.25 51 2.2
Al1.26 53 2.7
27 3.5

Al.
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APPENDIX 2
ORTHOGONALITY CONDITION

Let k; be the ith eigenvalue and (p ; be the ith elgenfunctlon of
the elgenvalue problem defined by equatlons (E 12) to (5-17). It is straight-
forward to rewrite the differential equations and boundary conditions as
follows:

r <a:
dp,:
1 d Pi ~
- 9r (r 3 ) + kj (Mp2 - 1) Ppj = 0 (A2-1)
asrc<b
d
d ‘Fl -
%— I (r =) + K 2 (Mg2 - 1) pg; =0 (A2-2)
r >0: 5pi is bounded (A2-3)
r=a: f Ppi = Pfi (A2-4)
dp, dpe
1 pi fi
: M 2 ‘2 — (A2-5)
P Mg
\
r = b: ﬁfi =0 (A2-6)

Multiply (A2-1) by EEJ_ . and integrate over r from o to a, we find after

2
Mp

performing one integration by parts to the first integral,

r . 9Ppi

Ly ok
> PPy ar
Mp

2 dr dr M 2

dp i dp (M 2.1) a .
_J r p pdeJrkz_P____erpi
Mp P )

=0 (A2-7)
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~

. Pgj
Multiply (A2-2) by
Mf2
after one integration by parts,

r

and integrate over r from r = a to r = b we obtain

dp.. 2 P dp.. dp M2 -1) ‘
o fi | _( r 9Pg; dPgj , Mg .. _ i
, Pfj Tar | j > dr dr drtk 2 J F Pgy Pgy dr=0 (A2-8)
M a Jow M

Adding (A2-7) and (A2-8) and using boundary condition (A2-3) to (A2-6), we
have,

a b

_ J r  9Ppi dppj dr _J r 9Pei dpfj dr
2
Mp M

dr dr fz dr dr

o

a b
, M 2.1 J . M2 -1 J .
+ k., I rp.. ., dr + —— r p.. . =0. (A2-9)
i ) Ppi Ppj W 2 Pgj Py dr (
P o f a

Equation (A2-9) holds for arbitrary i and j. Interchanging i and j in this
equation, we find

a X ) b - .
dp . dp_. dp.. dp..
3 r Ppj Ppi g | e P PR
M 2 dr dr 2 dr dr
o 'p a f
a b
M2 M2 -1
s 2| f . drte—— | rp,. B.. dr | =0 (A2-10)
5 Mp2 Ppj pi Mfz fj "fi
(o]

Subtract (A2-10) from (A2-9) and noting that k; # k., the orthogonality
condition J

MP2—1 M2 -1

_— J r 5 . p_, dr+ 2 J r Bf. Pe, dr = 0; i # j (A2-11)
M 2 iofj

P o a

is established.
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APPENDIX 3

REAL AND IMAGINARY EIGENVALUES

To show that all the eigenvalues of eigenvalue problem (5-12) to (5-17)

are real, we will make use of equation (A2-9) in Appendix 2. In this equation

5y

a ~ b A
dp_. dp.. (2
- |_p_| I | fn; dr
M2 dr M2 dr
k2= p O f a .
! Mp2_1 a A 0 Mf2'1 b X 2
EEY ACELY NS
M, M
o a

For M2 > 1 and Mp2 > 1, the right hand side is positive definite.

.F
is real.

. pf.) can be any eigenfunction. We will now let (p%;, PF;) be (ﬁpj, ﬁfj),
whete *'denotes the complex conjugate. Now (A2-3) can be written as

(A3-1)

Hence kj
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APPENDIX 4
THE SPECTRA OF DISCRETE REAL EIGENVALUES

In this appendix the spectra of the discrete real eigenvalues of
equations (5-20) and (5.51) will be discussed. It will be shown that the
set of real zeros of equation (5.51) which corresponds to subsonic primary
stream Mach numbers is fundamentally different from the set of real zeros
of equation (5-20) for supersonic primary Mach numbers.

In the eigenvalue problems that lead to equations (5.20) and (5.51),
the eigenvalue k appears as k2 so that if k;>0 is an eigenvalue, ~kj will
also be an eigenvalue. It is, therefore, sufficient to restrict our attention
to k20 alone. The right hand sides of equations (5.20) and (5.51) are
identical. For a given set of parameters the graph of this quantity as a
function of k has many branches as shown in Figure AL.1. For large values
of k the zero crossings and vertical asymptotes are given by,

nm
ke = (zero crossings)

" OMZ-T (b-a)

and 1
(n+§-) T

k. =

"M -1 (b-a)

where n = integers. These formulae can be derived by using the asymptotic
forms of the Bessel functions with large argument. As a function of k, the
left hand side of equation (5.51) consists of a single curve with a vertical
asymptote at k=0 and a horizontal asymptote of negative one as k » . This
is shown by the dotted curve in Figure AL.2. The real eigenvalues are

given by the intersection points of this curve and the multi-branch graph

of Figure AL.1. This is shown in Figure A4.2,

(vertical asymptotes)

The graph of the left hand side of equation (5.20) as a function of k
has infinitely many branches as illustrated by the dotted curves of Figure
AL.3. These different branches are separated by vertical asymptotes at

o= ——— n= 12,3,
M -1a

where Sp are the nth zero of J1(S). In Figure Ak.3 the graph of the right
hand side of equation (5.-10) is also shown. The roots of this equation are
given by the intersection points of these graphs. It is now obvious by
comparing Figures AL.2 and AL.3 that the structure and arrangement of the
eigenvalues for M_>1 are fundamentally different from those for My<1. The
numerical values as well as the number of eigenvalues within each branch

of the graph is strongly influenced by the ratio of inner to outer jet radii
and the jet flow Mach numbers. In contrast to this, when Mp is subsonic
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there is always one eigenvalue in each branch of the graph of Figure Ak4.1.
The physical implication is that the periodic shock structure which exists
in the fan stream when the primary flow is subsonic will terminate when the
primary stream Mach number is increased to unity. For Mp > 1, a new system
of shocks will form in the flow. This new shock system usually would have

a very different internal structure.
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Figure Ab.1  Graph of the right hand side of equations (5-20) and
(5.51) as a function of k.
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Figure Ak.2  The spectrum of discrete real eigenvalues of
equation (5.51).
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Figure Ab.3  The spectrum of discrete eigenvalues of equation (5.20).
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APPENDIX 5
LIST OF SYMBOLS

inner and outer radii of coannular jet

speed of sound in primary, fan stream
arbitrary constants

exit area of primary, fan stream

ambient speed of sound

fan stream annulus width

diameter of equivalent single jet nozzle
diameter of primary, fan nozzle exit

denotes expansion fan

peak frequency of shock associated noise
acoustic intensity

denotes imaginary part of

modified Bessel function of zeroth-order, first-order
Bessel function of zeroth-order, first-order
shock cell length

= uc/cy

design Mach number of convergent-divergent nozzle
Mach number of primary, fan stream

pressure

ambient pressure

total pressure of primary, fan nozzle

radial coordinate

radius of primary, fan nozzle exit
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Ap

ps Ef

pp) pf

154

distance from nozzle exit to microphone

denotes real part of

denotes shock.

test point

ambient temperature

total temperature of primary, fan flow

velocity components associated with periodic shock cell solutions
convection velocity of large scale turbulence structures
primary, fan stream velocity

fully-expanded exit velocity of equivalent single jet
fully-expanded exit velocity of primary, fan stream
coordinates

Neumann function of zeroth-order, first-order

pressure difference at nozzle exit

microphone or observer angle relative to jet exhaust axis
pressure ratio of primary, fan nozzle

density

density of primary, fan stream
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